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Abstract 
 
The use of solid-state NMR and DFT calculations to study Y2SnxTi2–xO7, 
Y2SnxZr2–xO7 and Y2TixZr2–xO7, materials with applications for the safe encapsulation 
of radioactive actinides is investigated. As a result of cation or anion disorder in these 
materials, NMR spectra are often complex and difficult to interpret. Therefore, an 
investigation using a range of NMR active nuclei and measurement of a variety of 
NMR parameters (isotropic chemical shift, !iso; span, " and quadrupolar coupling, 
CQ) were used to provide a full and detailed picture of each material. The 
measurement of " in these disordered compounds with multiple resonances in the 
NMR spectra, required the use of 2D CSA-amplified PASS (CAPASS) experiments 
to enable the separation of each of the spinning sideband manifolds. An experimental 
assessment of the CAPASS experiment showed that although low #1/"Hz ratios (as 
found in 
89
Y NMR) resulted in distortions in the spectra obtained, a modified fitting 
procedure could be utilised to compensate for this fact, which allowed the accurate 
measurement of ". Despite the difficulties in acquiring the 
89
Y NMR spectra, they 
were found to be the most informative of the NMR-active nuclei available. 
119
Sn 
NMR spectra, although much easier to acquire than 
89
Y, were more complex and 
harder to analyse, owing to the overlapping resonances. Therefore, 
119
Sn NMR could 
only be used to confirm or support the results obtained using 
89
Y NMR. Although 
17
O 
NMR was found to be useful, a full study could not be implemented due to the lack of 
17
O enriched samples; an area where future investigation may prove fruitful. Finally, 
47/49
Ti and 
91
Zr NMR spectra were found to be the most difficult to acquire due to 
their low receptivities and the quadrupolar broadened lineshapes, and as a result, little 
additional information was obtained.  
 v 
As a result of this analysis, for the Y2SnxTi2–xO7 pyrochlore solid solution, using 
primarily 
89
Y !iso and ", and additionally confirmed with 
119
Sn !iso, it was found that 
the Sn and Ti cations were randomly ordered throughout the B-sites. Additionally, 
89
Y " could be used to obtain approximate Y-O48f and Y-O8b bond lengths for each 
type of Y environment. The study of Y2SnxZr2–xO7 using 
89
Y NMR showed that 
although the end members were single phase, pyrochlore (Y2Sn2O7) or defect fluorite 
(Y2Zr2O7), the intermediate compositions were mostly two phase mixtures, consisting 
of an ordered pyrochlore (with an average formula of Y2Sn1.8Zr0.2O7) and a 
disordered phase, where the proportions of the pyrochlore and disordered phases 
decreased and increased, respectively, with the Zr content. Additionally, although the 
coordination states of the Y and Sn cations were easily determined using 
89
Y and 
119
Sn NMR, respectively, the coordination states of the Zr cations could not be 
confirmed directly by 
91
Zr NMR. However, using indirect analysis from results 
obtained with 
89
Y and 
119
Sn NMR, it was determined that 6 coordinate Zr was present 
in each composition, and it was always present in a greater proportion than 8 
coordinate Zr. Finally, although 
89
Y NMR spectra of Y2TixZr2–xO7 were extremely 
difficult to analyse, it was tentatively proposed that they could be similar to  
Y2SnxZr2–xO7 due to some similarities observed between the spectra. 
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  1  
 Introduction 
  
 
 
1.1  Thesis overview 
The increasing use of nuclear power stations has resulted in an increasing 
amount of radioactive waste for which there is not yet a preferred mode for 
permanent storage. Additionally, silicate glasses, widely regarded as a first-
generation wasteform, are not ideal for the encapsulation of radioactive waste as 
they suffer from numerous problems, such as low loading and corrosion when in 
contact with humidity. Therefore, research into the development of an improved 
second-generation wasteform is critical to the safe storage of radioactive waste. 
One of these proposed second-generation wasteforms is SYNROC-F, which 
contains large quantities of a titanate pyrochlore. The pyrochlore structure in 
particular has proved popular due to its higher waste loading and chemical 
durability, in comparison with silicate glasses. Other pyrochlores such as the 
zirconate and stannate pyrochlores, have additional benefits as a wasteform, as 
atomic displacement damage results in the formation of a crystalline defect 
fluorite structure instead of an amorphous phase. 
NMR is an invaluable tool for the investigation of both solutions and solids. 
Recent improvements in hardware and the development of a wide range of pulse 
sequences have considerably increased the use of solid-state NMR in particular. 
Unlike the more conventional nuclei, such as 
31
C, 
1
H, 
31
P, etc., there are a number 
of nuclei that have seen little study in NMR. One such example is 
89
Y, which has 
a low gyromagnetic ratio, resulting in a low receptivity and typically long T1 
1.1 Thesis overview 
 
!"
relaxation times, resulting in lengthy experimental times. Therefore, even with the 
current improvements, 
89
Y NMR still remains highly challenging. 
Recent hardware and software developments have also enabled the widespread 
use of density functional theory (DFT) based calculations to accurately calculate 
NMR parameters for periodic crystal structures. When used in conjunction with 
solid-state NMR, DFT calculations prove to be an indispensible tool for the 
assignment of the NMR spectra and the analysis of crystalline solids. However, 
unlike the study of ordered crystalline structures, disordered structures, which 
possess no periodic repeating units, are particularly challenging to study through 
DFT calculations. 
This thesis aims to use both solid-state NMR and DFT calculations to study a 
range of pyrochlores and defect fluorite phases (Y2SnxTi2–xO7, Y2SnxZr2–xO7 and 
Y2TixZr2–xO7) and accurately characterise their local structure and disorder. 
Chapter 2 introduces and explains the basic principles behind solid-state NMR 
and describes the range of interactions present and their effects upon the NMR 
spectra. Additionally, an overview of the basic experimental approaches used in 
this work, including MAS, spin echo experiments, CPMG echo trains and two-
dimensional INADEQUATE experiments, is provided. In addition, the 
fundamental principles behind DFT calculations are explained, before the 
methodology for performing these calculations in this work using the CASTEP 
code is described.  
In Chapter 3, a detailed description of the structure of the pyrochlore and defect 
fluorites materials is provided, highlighting the similarities and differences 
between the two. Background information on the storage of radioactive cations in 
ceramic wasteforms is provided, before the advantages of the use of pyrochlore-
based materials in this way (and the effect of radiation damage upon the 
materials) are discussed. A summary of previous work in the literature using 
89
Y 
1.1 Thesis overview 
 
!"
NMR and DFT calculations to study the pyrochlore solid solution Y2SnxTi2–xO7 is 
provided, as a starting point for the extensions carried out in this thesis.  
As the previous analysis of Y2SnxTi2–xO7 had been carried out using 
89
Y only, 
Chapter 4 assesses the suitability of the remaining NMR-active nuclei within 
these systems for studying structure and disorder in these materials. In particular, 
at first sight 
117/119
Sn might appear more attractive than 
89
Y for solid-state NMR 
investigation, due to its higher receptivity and shorter relaxation times. A full 
investigation of Y2SnxTi2–xO7 using 
119
Sn NMR and DFT calculations is 
performed. The use of the more challenging 
47/49
Ti and 
17
O nuclei is also 
investigated, to ascertain the difficulty of spectral acquisition and if any additional 
information can be obtained through their study.  
Chapter 5 addresses the possibility of utilising the anisotropic shielding (rather 
than the isotropic shielding used in the previous work and in Chapter 3) for the 
interpretation and assignment of 
89
Y and 
119
Sn NMR spectra. This would provide 
either an alternative or an additional probe of local structure and may help to 
overcome any ambiguities or problems encountered in the previous analysis. The 
work in this chapter describes the measurement of the span, !, using two-
dimensional CSA-amplified PASS (CAPASS) experiments, extending previous 
work for 
13
C and 
31
P NMR. The accuracy with which this parameter can be 
measured from simple MAS experiments is discussed, before measurement using 
CAPASS is described. The limitations of the approach for low-! nuclei, such as 
89
Y, and possible improvements are discussed.  
After demonstrating that the CAPASS experiment could successfully be used 
to measure the 
89
Y !, this approach is applied to the study of the Y2SnxTi2–xO7 
solid solution in Chapter 6. Using 
89
Y NMR and DFT calculations, the assignment 
of the spectral resonances in Y2SnxTi2–xO7 was determined using measurement of 
both "iso and !. Additionally, the relationships between ! and the local geometry, 
1.1 Thesis overview 
 
!"
e.g., Y-O bond distances were also investigated. In the final section, 
119
Sn 
CAPASS experiments were also performed. Owing to the higher signal-to-noise 
ratios for the 
119
Sn NMR spectra in comparison to the 
89
Y spectra it was also 
possible to consider the variation in ! across the broadened spectral resonances 
observed for these disordered materials.  
Chapter 7 is concerned with the analysis of Y2SnxZr2–xO7 and Y2TixZr2–xO7, 
where a phase transition between the pyrochlore structure (present in Y2Sn2O7 and 
Y2Ti2O7) and a defect fluorite phase (as in Y2Zr2O7) is expected. A brief outline 
of the previous diffraction and NMR studies on these materials is provided before 
the NMR investigation (using 
89
Y, 
119
Sn and 
91
Zr NMR and DFT calculations) is 
carried out. 
Finally, the conclusions of the work carried out here are presented in Chapter 
8, along with some suggestions for future investigation.  
 
5 
  2  
 Experimental techniques 
  
 
 
The development of the field of nuclear magnetic resonance (NMR) 
spectroscopy was accredited to Purcell
1
 and Bloch
2
 who later jointly received the 
Nobel Prize in 1952 for its discovery. Since this discovery, NMR has become an 
incredibly sophisticated technique for investigating both solutions and solids, with 
a number of texts written to explain the complex theory behind the technique and 
the wide-ranging applications that are possible. In addition to the references cited 
throughout this chapter, the following textbooks were also used as reference in 
Sections 2.1-2.4
3-10
 and Section 2.5.
11-13
 
 
2.1  Basic principles of NMR 
2.1.1  Nuclear magnetism 
Magnetic nuclei possess an inherent spin angular momentum, I, with a 
corresponding spin quantum number, I, which may be zero or any integer or half 
integer value. The magnitude of I is given by 
  
I  =  ! I I +1( ).  (2.1) 
The projection of this angular momentum onto an arbitrarily chosen axis, in this 
case the z-axis, is given by 
  
I
z
 =  m
I
!,  (2.2) 
where  is the magnetic quantum number, which can have values from –I to +I, 
 
m
I
2.1 Basic principles of NMR 
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Figure 2.1: The effect of the Zeeman interaction on the nuclear spin energy levels of (a) a spin I = 
1/2 nucleus and (b) a spin I = 3/2 nucleus. 
 
resulting in 2I +1  degenerate states. Nuclei with I > 0  also possess a magnetic 
dipole moment, µ , given by 
 µ  =  !I,  (2.3) 
where ! is the gyromagnetic ratio of the nucleus, which may be either positive or 
negative, i.e., with µ  being either parallel or anti-parallel to I. In the presence of 
an external magnetic field, B
0
, applied along the z-axis, the degeneracy of the 
different 2I +1  states is lifted through the Zeeman interaction, in which the 
resulting energies of the eigenstates are defined as 
 
 
E m
I
 =  !µ
z
B
0
=  ! "m
I
!B
0
.
 (2.4) 
In NMR, the selection rule !m
I
 =  ±1 governs the observable transitions, with 
the frequency of these transitions given by the following equation, where !
0
 is 
the Larmor frequency in (rad s
–1
),  
 
 
!
0
 =  
"E
!
 =  –#B
0
.  (2.5) 
 
m
I
  =  –1/2
m
I
  =  +1/2
!0
m
I
  =  –3/2
m
I
  =  +3/2
m
I
  =  –1/2
m
I
  =  +1/2
!0
!0
!0
I = 1/2 I = 3/2
(a) (b)
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The resulting effect of the Zeeman interaction on the nuclear spin energy levels of 
a I = 1/2 and 3/2 nucleus is shown in Figure 2.1, where 2I degenerate transitions 
are obtained, each with a frequency of !
0
. 
 
2.1.2  The vector model 
The basic ideas involved in NMR can be explained in a clear and simple 
manner using the classical ‘vector model’, first proposed by Bloch.
14
 Using this 
model, a simple NMR experiment can be easily described and understood. Whilst 
at thermal equilibrium, the nuclei will populate the energy Zeeman levels in 
accordance with the Boltzmann distribution, where the resulting difference in the 
population of the states results in a net magnetisation vector, M0, which lies 
parallel to B0. The orientation of M0, initially aligned along the z-axis, can be 
controlled through “pulses” of linearly oscillating radiofrequency (rf) radiation, 
with a field strength, B1. When a rf pulse with a frequency close to the Larmor 
frequency, !
rf
 "  !
0
, is applied, this results in an interaction with the nuclear 
spins in the sample, which re-orientates M0. However, as M0 is nutating around 
B1, and both M0 and B1 are precessing around B0, this can be complicated to 
represent diagrammatically. The rotating frame can be introduced to simplify this 
matter, where the frame of reference is considered to precess at a frequency, !
rf
. 
Therefore, B1 appears to be static and M0 precesses around B0 at an offset 
frequency, !  where ! =  "
0
#"
rf
. 
In Figure 2.2a the effects of a (!/2)y
 
pulse are shown in the rotating frame. A rf 
pulse of sufficient length is applied along the y-axis (where y is known as the 
phase of the pulse), which results in M0 nutating around this axis by a flip angle, 
!, of !/2. Once the rf radiation is removed, the newly generated transverse 
magnetisation relaxes back towards its original low energy state, whilst precessing  
  
2.1 Basic principles of NMR 
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Figure 2.2: Vector model description of the rotating frame, (a) the nutation of M0, during the 
application of a rf pulse along the y-axis and (b) the precession of M0 around the z-axis at a 
frequency !, after the pulse has been removed. 
 
around B0 at the offset frequency, ! as shown in Figure 2.2b. The resulting 
decaying signal, or “free induction decay” (FID) can be acquired by detectors that 
are placed in the transverse plane. The loss of magnetisation in the transverse 
plane is characterised by the time constant T
2
 and the relaxation of M0 to its 
thermal equilibrium value is known as longitudinal relaxation and characterised 
by the time constant T1. As the detectors are placed in the transverse plane, 
maximum signal will be obtained when M0 is in the transverse plane, i.e., after a 
flip angle of ! =  "/2 .  
 
2.1.3  Fourier transformation 
The original continuous-wave, CW spectrometers built up the NMR spectrum, 
i.e., the frequency domain spectrum by slowly changing the magnetic field. This 
allowed the frequency domain to be acquired one frequency at a time. 
Unfortunately, noise is also acquired along with the desired frequency 
components. This noise is unavoidable and can arise from numerous sources, such 
 
(a) (b)
x
y
!
M0
"
M0
z
x
y
B1
z
B0
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Figure 2.3: The Fourier transformation of a time-domain signal or FID (s(t)) to a frequency-
domain signal S(!). 
 
as the electronics of the spectrometer. To increase the signal to noise ratio, the 
CW spectrometer can acquire each frequency for a longer period of time. 
However, this is unfortunately a slow time consuming process.  
Pulsed NMR, described in Section 2.1.2 acquires the signal in the time domain 
and therefore, requires an additional step to produce the frequency domain 
spectrum. The Fourier transformation is a mathematical process in which a signal 
described as a function of time, s(t) can be converted into one as a function of 
frequency, S(!). This allows the individual frequency components present in an 
FID to be visualised. The Fourier transformation is defined as
15
 
 S !( )  =  s t( )e" i!t dt
"#
#
$ ,  (2.6) 
where the initial time domain and resulting frequency domain signals are shown 
in Figure 2.3. Therefore, in pulsed NMR, the FID can be Fourier transformed, 
allowing all of the frequencies in the frequency domain spectrum to be acquired 
after a single pulse, where the signal to noise ratio is increased in proportion to 
n , where n is the number of summed transients. This results in a technique that 
is much faster and versatile, when compared to CW NMR. 
 
 
Time
In
te
n
s
it
y
Frequency
In
te
n
s
it
yFourier 
transformation
S !( )  =  s t( )e" i!t dt
"#
#
$ ,
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2.1.4  Density operator formalism 
Although the vector model provides a clear representation and understanding 
of some simple key experiments such as the spin echo, a more flexible approach is 
required for more complex experiments. When considering an ensemble of spin 
states, for a spin I = 1/2 nucleus, the Zeeman eigenvalues are !  and ! . The 
majority of the spins are found in-between these states and are said to be in a 
superposition state, described using time-dependent superposition coefficients, 
c
i
t( ) . Therefore, in an ensemble of spins, each can be described by a 
wavefunction, !, which can be expanded as a series of orthonormal basis 
functions  
 !  =  c
i
t( )
i
" # i .  (2.7) 
As there are generally many spins to be considered a simpler more compact 
approach is preferred. This involves the use of the spin density operator, !ˆ , which 
describes the quantum state of the entire ensemble of spins without referring to 
the individual spin states. The matrix representation of the density operator is 
given by 
 !ˆ =  
!"" !"#
!#" !##
$
%
&
&
'
(
)
)
 =  
c" t( )c" t( )
*
c" t( )c# t( )
*
c# t( )c" t( )
*
c# t( )c# t( )
*
$
%
&
&
&
'
(
)
)
)
.  (2.8) 
The diagonal elements are referred to as the population of the Zeeman states, 
where !""  indicates occupation of the !  state and !""  indicates occupation of 
the !  state. The off-diagonal elements, !"#  and !"# , are referred to as the 
coherences between the Zeeman states, !  and ! , or more specifically in this 
example of an ensemble of I = 1/2 spins, as single-quantum coherence, i.e., 
!m
I
 =  ±1 .  
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The time evolution of the density operator to the Hamiltonian is given by the 
Liouville-von Neumann equation, 
 
d!ˆ
dt
 =  " i Hˆ ,!ˆ#$ %&. (2.9) 
If the Hamiltonian is (or made to be) time independent, the solution is given by  
 !ˆ t( )  =  e" iHˆt!ˆ 0( )eiHˆt .  (2.10) 
Many simulation packages (such as the SIMPSON
16
 program used in this work) 
utilise the density operator formalism when simulating the effects of rf pulses and 
the response of the nuclear spins. 
 
2.2  NMR interactions 
2.2.1  Internal interactions 
The basic nuclear spin interactions which occur in solids can be divided into 
those which involve external fields, ext and those which involve internal fields, 
int; 
 
H  =  H
ext( ) + H int( )
=  H
Z
+ H
rf( ) + HD + HCS + H J + HQ( ),  
(2.11) 
where the external field interactions are the Zeeman interaction, Z and the applied 
rf field during a pulse, rf and the internal field interactions are the dipolar 
coupling, D; chemical shielding, CS; J-coupling, J and quadrupolar couplings, Q. 
These internal interactions are important in NMR as they provide information 
about the local environment of the nucleus and can have dramatic effects on the 
form of the spectral lineshapes obtained in NMR experiments.  
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The Hamiltonian for the internal interactions can be described in the matrix-
vector form as 
 
H  =  I !R !X
=  Ix Iy Iz( )
R
xx
R
xy
R
xz
R
yx
R
yy
R
yz
R
zx
R
zy
R
zz
"
#
$
$
$$
%
&
'
'
''
X
x
X
y
X
z
"
#
$
$
$
%
&
'
'
'
,  
(2.12) 
where the spin system is described in terms of Cartesian operators, and the 
second-rank Cartesian tensor, R, describes the interaction between the spin vector, 
I and a second spin vector or an internal field, X.  
 
2.2.2  J-coupling 
The J-coupling, sometimes termed the scalar coupling, is a through-bond 
interaction between two spins I and S. The Hamiltonian describing the J-coupling 
is given by 
 
H
J
 =  2! " I " J "S.
 
(2.13) 
where, in a solution, the rapid molecular tumbling results in the averaging of the 
J-coupling tensor. The isotropic form of the J-coupling Hamiltonian is given by 
 
H
J
iso
 =  2! " I " J "S =  2! " J " IxSx + IySy + IzSz( ),  (2.14) 
where J is the isotropic J-coupling, which is the average of the diagonal elements 
of the J-coupling tensor 
 
J  =  
1
3
J
xx
+ J
yy
+ J
zz( ). (2.15) 
Although there is an anisotropic part of the J-coupling, it usually very small and 
generally ignored. Therefore, the isotropic J-coupling is generally referred to as 
the J-coupling. In a solution-state spectrum, the J-coupling results in a splitting of 
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the resonances. However in solids this effect is usually hidden beneath the other, 
larger interactions.
17 
 
2.2.3  Chemical shielding and chemical shift anisotropy 
In an atom, the applied field B
0
 causes the electrons to circulate within their 
orbitals, generating a small magnetic field, !B . Therefore, the actual magnetic 
field strength felt by a nucleus is given as  
 B =  B
0
! "B  =  B
0
1! #( ),  (2.16) 
where ! is a shielding constant. The resonance frequency then becomes  
 !  =  –"B
0
1# $( ).  (2.17) 
As the exact resonance frequency is dependant on both ! and B
0
, two key points 
can be made. First, nuclei in different chemical environments can be distinguished 
by a change in frequency. Secondly, as the resonance frequency is proportional to 
B
0
, the relative separation of resonances will differ depending on the magnetic 
field strength applied. Therefore, a unit of measurement that is independent of the 
magnetic field is desirable. The chemical shift, !, defined as 
 
! =  10
6
" #"
ref( )
"
ref
,
 
(2.18) 
allows the difference in resonance frequencies between a nucleus of interest, !
and a reference nucleus, !
ref
 
to be used, creating a measurement which is 
independent of the magnetic field strength. 
However, the shielding is in many cases anisotropic, i.e., orientation 
dependant, and it is commonly represented, not as a simple constant, but as a 
tensor. The chemical shielding Hamiltonian which acts on a spin I is defined as 
 
H
CS
 =  –!I " # "B
0
,
 
(2.19) 
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where, !  can be described in a principal axis frame, P, by three principal 
components !
11
P , !
22
P  and !
33
P . The anisotropic nature of the shielding tensor has 
implications for solid-state NMR spectroscopy as the contribution to the 
frequency of the total chemical shielding has the following relationship, 
 
!
CS
L
 =  !
0
"
#
11
P
sin
2 $cos2 %
+#
22
P
sin
2 $sin2 %+ #
33
P
cos
2 $
&
'(
)
*+
,
 
(2.20) 
where the polar angles ! and " describe the orientation of the principal axis frame, 
P in relation to the laboratory frame, L. It is clear that altering the orientation of 
the shielding tensor with respect to B0, will alter the frequency of the chemical 
shift. Therefore, when performing NMR experiments on a powdered sample, there 
will be a distribution of chemical shifts relating to the different orientations of the 
crystallites relative to the magnetic field. The resulting range of chemical shifts is 
known as a “powder pattern” lineshape. The powder pattern, and therefore the 
shielding tensor, can be described through the measurement of the chemical shift 
principal tensor components 
 
!
ii
 =  
"
ii
ref
# "
ii( )
1# "
ii( )
 $  "
ii
ref
# "
ii
,
 
(2.21) 
if !
ii
ref  is assumed to be << 1.  
To describe the anisotropy, there are a number of different conventions used 
and additionally, the labelling of these parameters differs throughout the 
literature. Therefore, to avoid any confusion, the IUPAC recommendations
18-22
 
are used, for the labelling of the parameters in the different conventions. The 
Herzfeld-Berger notation
23
 labels the principal components in order  
 
!
11
 "  !
22
 "  !
33
,
 
(2.22) 
where the isotropic shift or average chemical shift is given by 
 
!
iso 
=  
1
3
!
11
+ !
22
+ !
33( ),  (2.23) 
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the magnitude of the anisotropy interaction is defined by the span 
 
! =  "
11
# "
33
,
 
(2.24) 
and the “shape” of the anisotropy is defined by the skew  
 
!  =  
3 "
22
# "
iso( )
$
,
 
(2.25) 
with values ranging from –1 to +1. Figure 2.4a shows a powder pattern CSA 
lineshape, labelled according to the Herzfeld-Berger notation.  
The Haeberlen notation
24
 labels the principal components as, 
 !zz " ! iso  #  !xx " ! iso  #  !yy " ! iso ,  (2.26) 
where the isotropic shift or average chemical shift is given by 
 
!
iso 
=  
1
3
!
xx
+ !
yy
+ !
zz( ).  (2.27) 
The magnitude of the anisotropy is either defined as  
 
!" =  "
zz
#
1
2
"
xx
+ "
yy( ),  (2.28) 
or as the reduced anisotropy 
 
! =  "
zz
# "
iso
,
 
(2.29) 
where the two parameters are related through 
 
!" =  
3
2
#,
 
(2.30) 
using this convention !" and # can possess both positive and negative values. The 
“shape” of the anisotropy is defined by the asymmetry parameter 
 
! =  
"
yy
# "
xx
"
zz
# "
iso
,
 
(2.31) 
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Figure 2.4: (a) Herzfeld-Berger and (b) Haeberlen conventions for describing the chemical shift 
anisotropy interaction and the resulting powder pattern lineshape. 
 
with values ranging from 0 to +1. Figure 2.4b shows a powder pattern CSA 
lineshape which has been labelled according to the Haeberlen notation. 
It is now possible to convert Equation 2.20 using the Haeberlen notation, to 
distinguish between the isotropic and anisotropic components, 
 
!
CS
L
 =  "!
0
#
iso
"
!
0
$
2
3cos
2 %"1
+&sin2 %cos2 2'
(
)*
+
,-
.
 
(2.32) 
The isotropic chemical shift, with a frequency !
iso
 =  "!
0
#
iso
 is orientationally 
independent, whereas the anisotropic components are orientationally dependent. 
 
2.2.4  Dipolar coupling 
Nuclei with I ! 1/2 possess a magnetic moment or dipole, which can interact 
through space with other dipoles, as shown in Figure 2.5a. The resulting 
interaction is known as dipole-dipole coupling or more commonly, as the dipolar 
coupling. In the laboratory frame, the Hamiltonian is unfortunately quite 
complicated, as it contains many orientationally-dependent terms and therefore a 
simplified, truncated version of the dipolar Hamiltonian is usually used, giving 
! "#
!
(a) (b)
!33!11
!22
!iso
!xx
!zz
!yy
!iso
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H
D
homo
 =  !
D
3I
z
S
z
" I
z
#S
z
$% &',  (2.33) 
for a homonuclear dipolar coupling, and 
 
H
D
hetero
 =  !
D
2I
z
S
z
"# $%,  (2.34) 
for a heteronuclear dipolar coupling. The dipolar splitting parameter is given by 
 
!
D
 =  !
D
P 1
2
3cos
2
"#1( ),  (2.35) 
which is dependant on the angle, !, between the internuclear vector, eIS, joining 
the two dipolar coupled nuclei and the magnetic field B0, as shown in Figure 2.5b. 
The dipolar coupling constant in the principal axis frame, P,  is given by 
 
 
!
D
P
 =  
µ
0
4"
!#
I
#
S
r
IS
3
,
 
(2.36) 
and is dependent on the gyromagnetic ratios of the nuclei involved and the inverse 
cube of the distance, r
IS
3 , between the two nuclear spins. It should also be noted 
that the dipole-coupling tensor is traceless, i.e., there is no isotropic component. 
Therefore in solution, the rapid tumbling motion of the molecules effectively 
removes the dipolar interaction from the spectrum. 
When considering an isolated system of two spins, the dipolar coupling will 
produce a splitting of 3!
D
P  for a homonuclear dipolar coupling and 2!
D
P  for a 
hetronuclear dipolar coupling as shown in Equations 2.33 and 2.34 respectively. 
However, as discussed in the previous section, in a powder sample, there will be 
multiple orientations, leading to powder pattern lineshapes called “Pake 
doublets”. The Pake doublet results from the overlap of two axially symmetric 
anisotropicaly broadened lineshapes as shown in Figure 2.5c. In reality, however, 
the classic Pake doublet lineshape is rarely found, as spins are typically affected 
by numerous different dipolar couplings of different magnitudes and by different 
spins, which generally results in a Gaussian broadening of the lineshapes in the 
solid state. 
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Figure 2.5: (a) Schematic diagram of dipole-dipole coupling, where magnetic fields of interacting 
nuclear spins, I and S, are shown. (b) The distance between two dipolar coupled nuclei, rIS, is 
shown along the internuclear vector, eIS, which is orientated at an angle of ! to the magnetic field 
B0. (c) Powder lineshape of the I (or S) spin in a two-spin system, where the spitting is 3!D
P  for a 
homonuclear dipolar coupling and 2!
D
P  for a heteronuclear dipolar coupling. 
 
2.2.5  Quadrupolar coupling 
Quadrupolar nuclei are those which possess a spin quantum number, I > 1/2. 
The distinguishing feature of these nuclei, is the asymmetric distribution of charge 
in the nucleus, described by the electric nuclear quadrupole moment, Q. This 
quadrupole moment interacts with the electric field gradient tensor, V. In the 
principal axis frame, V can be described by three principal components, V
xx
P , Vyy
P
 
and V
zz
P . The magnitude of the interaction is defined by V
zz
P
= eq , where the 
superscript P signifies the principal axis frame. It is also important to note that the 
electron field gradient tensor is traceless, i.e., there is no isotropic component. The 
form of the quadrupolar Hamiltonian that describes the interaction between the 
nuclear electric quadrupole moment and the electric field gradient is 
(b)
I
S
!
B0
eIS
(a)
I
S rIS
(c)
PHomonuclear coupling = 3!D 
Heteronuclear coupling = 2!D 
P
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H
Q
 =  
eQ
2I 2I !1( )!
I "V " I.
 
(2.37) 
The quadrupolar interaction is generally defined by two parameters, the 
quadrupolar coupling constant, which describes the magnitude of the interaction 
 
 
C
Q
 =  
eq !eQ
!
 =  
Vzz
P
!eQ
!
,
 
(2.38) 
and the quadrupolar asymmetry parameter, which describes the shape of the 
electric field gradient tensor, 
 
!
Q
 =  
V
xx
P
"V
yy
P
V
zz
P
.
 
(2.39) 
with values between 0 and +1. 
The perturbation of the Zeeman energy levels by the quadrupolar interaction to 
a first-order approximation can be seen in Figure 2.6, where the single-quantum 
central transition, CT, m
I
 =  +1/ 2 !  "1/ 2( )  and the triple-quantum 
transition, m
I
 =  ! 3 / 2 "  + 3 / 2( )  are unperturbed by the quadrupolar 
interaction. However, the single-quantum satellite transitions, ST, 
m
I
 =  !1/ 2 "  ! 3 / 2( )  and mI  =  +1/ 2 !  + 3 / 2( )  are perturbed by the 
quadrupolar interaction. This results in a lifting of the degeneracy of the three 
transitions as shown in Figure 2.7a. The frequency of the single-quantum 
transition to a first order approximation, !
1( ) , between m
I
 =  ± q !1( )  "  ± q  , 
where q is 1/2, 3/2, 5/2 etc, is given by  
 
!
± q"1( )#±q
1( )
 =  ± 2q "1( )!Q,  (2.40) 
where the quadrupole splitting parameter is 
 
!
Q
 =  
1
2
!
Q
P
3cos
2 "#1+ $
Q
sin
2 "cos2%( ),  (2.41) 
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Figure 2.6: Perturbation of the Zeeman energy levels for a spin I = 3/2 nucleus by the first- and 
second-order quadrupolar interaction. The quadrupolar broadening to the first-order approximation 
results in a perturbation of the energy levels which does not affect the central single-quantum 
transition and triple-quantum transitions, but does affect the two satellite transitions. The 
quadrupolar broadening to the second-order approximation results in a perturbation of all energy 
levels and transitions. 
 
and the angles define the orientation of the electric field gradient tensor in the 
laboratory frame. The quadrupole splitting parameter, given in rad s
–1
 in the 
principal axis frame, is 
 
!
Q
P
 =  
3"C
Q
2I 2I #1( )
.
 
(2.42) 
For a powdered solid, the orientational dependence of !Q  results in a broadening 
of the satellite transitions, while the central transition remains much sharper, as 
shown in Figure 2.7b. 
As the magnitude of the quadrupolar interaction increases, this first-order 
perturbation will not be sufficient to fully describe the interaction and so a 
second-order correction must be applied. As shown in Figure 2.6, the central 
transition and triple-quantum transitions are now perturbed, resulting in a more  
 
mI  =  –3/2
mI  =  +3/2
mI  =  –1/2
mI  =  +1/2
!0
!0
!0
!0
!0 + 2!Q
!0 – 2!Q
Zeeman First-order
quadrupolar
Second-order
quadrupolar
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Figure 2.7: Static NMR spectra simulated for a I = 3/2 nucleus subject to a first-order quadrupolar 
coupling for (a) a single crystal and (b) a powdered solid. In (c) the anisotropic broadening of the 
CT resulting from the second-order quadrupolar interaction is shown. 
 
anisotropic broadening of the resulting lineshapes in a powdered solid, as shown 
in Figure 2.7c. The frequency of a single-quantum transition is now the sum of the 
first- and second-order contributions, 
 
!
± q"1( )#±q
 =  !
± q"1( )#±q
1( )
+!
± q"1( )#±q
2( )
,
 
(2.43) 
with 
 
!
± q"1( )#±q
1( )
 =  ± 2q "1( )!Q
P
d
0,0
2
$( ),
 
(2.44) 
 
!
± q"1( )#±q
2( )
 =  
!
Q
P( )
2
!
0
$
%
&
&
'
(
)
)
A
0
I ,q( ) + A2 I ,q( )d0,0
2 *( )
+A
4
I ,q( )d0,0
4 *( )
+
,
-
.-
/
0
-
1-
,
 
(2.45) 
where the second- and fourth-rank reduced Wigner rotation matrix elements are 
 
d
0,0
2
!( )  =  
1
2
3cos
2
!"1( )  (2.46) 
 
d
0,0
4
!( )  =  
1
8
35cos
4
!" 30cos
2
!+ 3( )  (2.47) 
and where for simplicity, axial symmetry has been assumed.
25,26
  
 
ST
CT
ST
ST
CT
ST
2!Q
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2.3 Magic angle spinning 
!
 22 
The quadrupolar interaction is typically the most dominant interaction in I > 
1/2 nuclei, where, in extreme cases, the quadrupolar broadened NMR powder 
patterns can be a number of MHz in breadth. This can result in extremely low 
signal to noise ratios, as the total integrated signal intensity is spread out over an 
extremely large spectral lineshape. 
 
2.3  Magic angle spinning 
2.3.1  Orientation dependence of interactions 
Magic angle spinning, commonly abbreviated to MAS was developed by 
Andrew et al.
27-29
 and independently by Lowe
30
. It is a method for mimicking the 
fast molecular tumbling found in solution-state NMR which removes many of the 
anisotropic interactions detailed in the previous section.
31
 MAS involves the rapid 
rotation of a powdered sample around an axis which is inclined at an angle of 
54.74° to the magnetic field B
0
, referred to as the “magic angle”. The rapid 
rotation of the crystallites at the magic angle serves to remove or average out 
specific NMR interactions that possess an orientation dependence proportional to 
3cos
2
!"1 . This includes the chemical shift anisotropy in Equation 2.32, the 
dipolar coupling in Equation 2.35, the first-order quadrupolar coupling in 
Equation 2.41 and part of the second-order quadrupolar coupling in Equation 2.46 
(There is an additional term in Equation 2.47 which cannot be removed through 
magic angle spinning). 
A schematic diagram showing the implementation of MAS is shown in Figure 
2.8, where a rotor is aligned and spins around an axis inclined at !
r
 =  54.74°  to 
the magnetic field. As the rotor is spinning, the angle of the crystallite to the rotor 
frame, !, will remain constant, however the angle of the crystallite to the magnetic 
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Figure 2.8: Schematic diagram showing the relevant angles between the principal axis, rotor and 
laboratory frames for the purposes of MAS. The angle between the laboratory and rotor frame is 
!
r
, the angle between the principal axis and rotor frame is ! and the angle between the principal 
axis and laboratory frame is ". Under MAS !
r
 is set to the magic angle of 54.74°, ! remains 
constant and " will take on all possible values, which results in the interactions being averaged to 
zero, if the rotation rate is sufficiently rapid. 
 
field, ", will take on all possible values. Therefore, under fast MAS rates, 
(typically when the MAS rate is greater than the magnitude of the interaction that 
is to be removed), the anisotropy will be averaged to zero. 
 
2.3.2  Effect of MAS on the CSA interaction 
The effect of a variety of different MAS rates, #r, upon a CSA broadened 
lineshape, where ! = 3 kHz and " = –0.5 is shown in Figure 2.9. Under static 
conditions (#r/!Hz = 0), a powder pattern lineshape is observed. Under slow MAS 
conditions e.g., #r/!Hz = 0.05, a large number of “spinning sidebands” appear, 
which are spaced at increments of the MAS rate from the isotropic peak. The 
origin of these spinning sidebands is explained in more detail in Appendix A. As 
the MAS rate is increased, the number of spinning sidebands decreases. When the 
Laboratory frame
(z-axis) Principal axis 
frame (z-axis)
!
"
"r
Rotor frame
(z-axis)
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Figure 2.9: NMR spectra simulated for a spin I = 1/2 nucleus subject to CSA with ! = 3 kHz and 
" = –0.5, at a variety of MAS rates, which are quoted in !r/!Hz. 
 
MAS rate is greater than the size of the interaction e.g., !r/!Hz = 2, the interaction 
is effectively removed from the NMR spectrum and only an isotropic peak is 
observed. 
MAS can, therefore, be used to completely remove the CSA and similar to a 
static powder pattern lineshape, the principal shielding tensor components can be 
measured from a slow spinning MAS spectrum providing that that a sufficient 
number of spinning sidebands are obtained.
32
 A more detailed description of the 
number of sidebands required to accurately measure the principal tensors is given 
later in Section 5.3.1. 
!
r
 / "
Hz
 = 0.05
!
r
 / "
Hz
 = 0.25
!
r
 / "
Hz
 = 0.5
!
r
 / "
Hz
 = 1
!
r
 / "
Hz
 = 2
!
r
 / "
Hz
 = 0
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2.4  NMR experiments  
2.4.1  Spin echo 
Immediately after a rf pulse is applied to a NMR probe in a strong magnetic 
field, unwanted acoustic oscillations, which are produced by the probe, generate rf 
signals that are detected by the coil. Acoustic ringing is also noticeably longer at 
high magnetic field strengths and when acquiring NMR spectra of nuclei with low 
frequencies.
33
 Therefore, if the acquisition period starts immediately after the rf 
pulse is turned off, these unwanted oscillations will be acquired alongside the 
FID. If these unwanted oscillations overlap with a significant proportion of the 
FID, significant distortions to the Fourier transformed spectrum will result. 
Typically in a NMR experiment, a preacquisition delay is used after the final 
pulse and before the acquisition of the FID. This time period, commonly known 
as the “deadtime”, allows the unwanted acoustic ringing to die away before the 
acquisition of FID, as shown in Figure 2.10a. In this thesis these intervals were 
typically ~10 µs for high-! nuclei and ~100 µs for low-! nuclei. In many 
situations, the deadtime is only a small fraction of the length of the FID and does 
not result in noticeable distortions to the FID. However, for the case of low-! 
nuclei where the acoustic ringing period is longer, or static NMR spectra where 
the FID length is typically much shorter, this deadtime can result in the loss of a 
significant portion of the FID, leading to distortions in the Fourier transformed 
spectrum. In these situations the use of a spin echo can be used to refocus the 
magnetisation after the deadtime, allowing the acquisition of a complete and 
undistorted FID. 
The spin echo, ! / 2( )
x
! " ! !( )
y
! " ! , pulse sequence shown in Figure 2.10b, 
also known as the Hahn echo
34
 or Carr-Purcell echo
35
 experiment, allows the 
magnetisation to be refocused at a point ! after the " pulse. After the initial "/2 
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Figure 2.10: (a) In a conventional NMR experiment, after a !/2 pulse, acoustic ringing effects 
(shown in purple) will take time to decay, overlapping with the FID (shown in blue). (b) A spin 
echo pulse sequence, with !/2 pulses shown in black and ! pulses in grey. The " interval results in 
a refocusing of the magnetisation at a time " enabling the acquisition of a complete FID. 
 
pulse is applied along the x-axis, the spins will start to dephase in the transverse 
plane during the time ". Through the application of a ! pulse along the y-axis, the 
spins can be inverted and if left for a second period ", the magnetisation will be 
refocused. Therefore, as long as the time period " is longer than the deadtime, a 
complete and undistorted FID can be acquired. 
 
2.4.2  CPMG 
The spin echo experiment described in the previous section is used to acquire 
what is known as a “half echo”. Carr and Purcell
35
 used a series of these spin 
echoes in the Carr-Purcell pulse sequence,
 
! / 2( )
x
! " ! !( )
x
! " ! !( )
x
! "#$ %&n . 
Through the use of additional ! " !( )
x
" !#$ %&n  blocks, the magnetisation can be 
continually refocused, leading to the acquisition of a series of “whole echoes”. 
However, as a result of the phase of the ! pulses, the echoes are formed along the 
–y and +y axes. Therefore, if there is any error in the length of the ! pulses, this 
will result in a cumulative error where the magnetisation is rotated further and 
further from the transverse (xy) plane. This issue was later addressed by Meiboom 
 
(b)
!!
yx
(a)
dead time
x
acquisition period
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Figure 2.11: (a) Pulse sequence for a CPMG experiment, where !/2 pulses are shown in black and 
! pulses in grey. The magnetisation is refocused at a period " after each ! pulse resulting in a 
series of echoes in acquisition. (b) A simulated NMR spectrum resulting from the Fourier 
transformation of a half echo and a CPMG echo train.  
 
and Gill
36
 who developed the Carr-Purcell-Meiboom-Gill (CPMG) pulse 
sequence,
 
! / 2( )
x
! " ! !( )
y
! " ! !( )
y
! "#$
%
&n
, shown in Figure 2.11a. Through the 
change in phase of the ! pulses, all of the echoes are now all formed along the +y 
axis, with any errors being cancelled out following each even-numbered pulse. 
The first half echo produced in a CPMG experiment is generally included in 
the Fourier transformed FID so as to minimise the phasing of the spectrum 
required after Fourier transformation and also to reduce baseline distortions.
37
 The 
Fourier transformation of the series of echoes results in a series of spikelets 
spaced by 1/2", which map out the intensity of the lineshape produced from a 
standard Fourier transformation of a half (or single full) echo, as shown in Figure 
2.11b. Therefore, the resolution of the lineshape is significantly reduced for 
CPMG. However, the resulting spectrum has significantly improved peak height 
sensitivity. Therefore, CPMG is best suited for the acquisition of broad lineshapes 
and for nuclei where sensitivity is limited. In the case of CPMG applied under 
MAS, the " interval is set to be ! =  n!
r
 to ensure coincidence of rotary and spin 
echoes, i.e., synchronised with the sample rotation 
 
(a) (b)
half
echo
CPMG
! ! ! !
n
 x  y  y
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2.4.3  INADEQUATE 
The incredible natural abundance double-quantum transfer experiment
38,39
 or 
INADEQUATE, developed for solution-state NMR, is a homonuclear correlation 
technique which reveals connectivities through the J-coupling, i.e., through-bond 
couplings. The pulse sequence for the experiment is given in Figure 2.12a. Lesage 
et al. showed that, although the INADEQUATE experiment can be carried out in 
the solid state, the efficiency of the experiment was found to rapidly decrease with 
increasing linewidth of the resonance owing to the resulting anti-phase 
lineshapes.
40
 This problem can be addressed through the use of the refocused-
INADEQUATE experiment,
41
 shown in Figure 2.12b. 
In the INADEQUATE experiment, the first !/2 pulse generates transverse 
magnetisation, while the following spin echo duration creates the antiphase-
magnetisation necessary for the generation of double-quantum coherence. The 
efficiency of the conversion from single-quantum (SQ) to double-quantum (DQ) 
coherence is governed by the interval ", where maximum and minimum double-
quantum coherence are generated when ! =  1 / 4J( )  and ! =  1 / 2J( )
respectively, and J is the magnitude of the isotropic J-coupling. Double-quantum 
coherence can then be generated by a !/2 pulse, and it subsequently evolves 
during a time, t1, (with a frequency !DQ  =  !SQ
A
+!
SQ
B ) for two spins A and B 
before being converted back to anti-phase magnetisation by a third !/2 pulse. In 
the original solution-state experiment, the FID is acquired at this point as in 
Figure 2.12a, however, in solids, particularly disordered solids, there are a range 
of chemical shifts present and therefore a range of anti-phase lineshapes which 
would result in unwanted cancelation of the signal. Therefore, for solids, the 
efficiency of the experiment can be significantly improved by the addition of a 
final refocusing step, i.e., a spin echo, which can convert the anti-phase 
magnetisation to an in-phase signal. 
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Figure 2.12: (a) Pulse sequence and coherence pathway diagram for the solution-state 
INADEQUATE experiment, with !/2 pulses shown in black and ! pulses in grey. (b) Pulse 
sequence and coherence pathway diagram for the solid-state refocused-INADEQUATE 
experiment, with an additional spin echo. (c) A schematic spectrum for a refocused-
INADEQUATE experiment upon a system with three spins, A, B and C. The cross peaks show the 
presence of a J-coupling between B and C, and between A and B, but not between A and C. Phase 
cycling for the refocused-INADEQUATE experiment is given in Appendix B. 
 
A schematic of a refocused-INADEQUATE NMR spectrum is shown in Figure 
2.12c where the resonances in the indirect, or double-quantum dimension are at 
frequencies given by the sum of the two J-coupled resonances in the direct, or 
single-quantum dimension. These cross peaks show that there is a J-coupling 
between spins B and C, and between A and B, but not between A and C.
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2.5  Computational chemistry 
2.5.1  Introduction 
Solid-state NMR spectra are in many cases quite complex and difficult to 
interpret, owing to the multitude of interactions that can affect them. First-
principles calculations are now increasingly popular, due to their proven ability to 
help interpret, assign and predict NMR spectra and hence, to provide a link 
between experiment and structural information. The use of computational 
chemistry in this thesis is confined to the use of a single program. The Cambridge 
Serial Total Energy Package (CASTEP)
42,43
 code exploits the inherent periodicity 
of inorganic solids and calculates the NMR parameters of all nuclei in the system, 
which can then be utilised to aid the interpretation of solid-state NMR spectra. 
CASTEP is a first-principles approach, using density-functional theory, DFT. 
 
2.5.2  The Schrödinger equation 
The non-relativistic time-independent Schrödinger equation contains all the 
information required to calculate the energies and, therefore, the properties, (such 
as the NMR parameters) of a system, and is given by 
 
Hˆ! x
1
, x
1
,...x
N
,R
1
,R
1
,...R
M( )  =  E! x1, x1,...xN ,R1,R1,...RM( ),  (2.48) 
where Hˆ  is the Hamiltonian operator for a system which contains M nuclei and N 
electrons, E is the total energy and ! is the wavefunction of the system, described 
by the 3N spatial coordinates (ri) and the N spin coordinates (si)  of the electrons, 
collectively termed (xi) and the 3M spatial coordinates (Ri) of the nuclei. The 
Schrödinger equation can be simplified through the use of the Born-Oppenheimer 
approximation
43
 which states that since the nuclei are massive and slow moving in 
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comparison to electrons, therefore, the system can be thought of as comprising of 
fixed nuclei and moving electrons. Therefore, we can remove the spatial 
coordinates of the nuclei to produce the so-called electronic Hamiltonian, 
 
Hˆ
elec
!
elec
x
1
, x
1
,...x
N( )  =  Eelec!elec x1, x1,...xN( ).  (2.49) 
It can be seen that the description of the wavefunction has been considerably 
simplified, as it now requires only 4N instead of 4N and 3M variables. However, 
owing to the number of electrons in even a modest sized molecular system, this is 
still generally impossible to solve, and so a different approach is required. 
 
2.5.3  Density functional theory 
A radically different approach to the calculation of the energies of a system 
was introduced by Hohenberg and Kohn,
45
 with the methodology later developed 
by Kohn and Sham,
45
 in which it was realised that the complicated N-electron 
wavefunction can be replaced by the electron density, ! r( ) , which will only be 
dependant on at most two particles at a time, independent of the size of the 
system. We can therefore describe the complete ground state energy as a 
functional of the ground state electron density, 
 
E ![ ]  =  TS ![ ]+Vext ![ ]+VH ![ ]+ EXC ![ ],  (2.50) 
where TS is the exact kinetic energy of a system of non-interacting electrons 
which produces the true ground state electron density, Vext is the external potential 
energy (the interaction of the electrons with the fixed atomic nuclei) and VH is the 
Hartree energy. The final term, EXC, is the exchange correlation energy which is 
not known and must be approximated. 
In a hypothetical uniform electron gas, the exchange-correlation functionals 
will be known with a high degree of accuracy, and therefore Kohn and Sham 
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proposed that EXC can be described by the exchange correlation energy per 
particle of a uniform electron gas of similar density !XC, leading to the local 
density approximation (LDA) 
 E
XC
LDA ![ ]  =  ! r( )" #XC ! r( )( )dr.  (2.51) 
Despite working quite well in some cases, the LDA approach is not always the 
best solution as it neglects to include any information about the non-homogeneity 
of the true electron density. The generalised gradient approximation (GGA)
47-49 
approach includes an additional term that incorporates some dependence on the 
gradient of the charge density, which can result in improvements to the 
calculation of the energy 
 
E
XC
GGA ![ ]  =  ! r( )" #XC ! r( ),$!( )dr. (2.52) 
There are numerous proposed GGA methods, each with different 
improvements. One method by Perdew, Burke and Ernzerhof (PBE)
50
 has been 
adopted as the method of choice for use with CASTEP and widely used in the 
existing literature. 
 
2.5.4  Wavefunctions in a periodic system 
Any calculation involving a crystal structure which is infinitely repeating will 
clearly require some form of simplification, as it is fundamentally impossible to 
consider an infinite number of particles. A rudimentary approach to approximate 
this situation is to simply create a cluster of atoms of significant size, so the 
central atoms “feel” as if they are in an infinitely repeating structure. However, to 
achieve a sufficiently accurate representation of the structure requires a large 
number of atoms. Therefore, a more elegant method would be to use only the unit 
cell and exploit the periodicity of an infinitely repeating structure, requiring a way 
to describe the periodic electron density. If we consider a crystal, the nuclei will 
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be arranged in a periodic fashion, and therefore the potential acting on the 
electrons will also be periodic. Bloch’s theorem states that as the potential is 
periodic, so is the density and magnitude of the wavefunction. The wavefunction 
can be described as 
 
! r( )  =  eikru
k
r( ),
 
(2.53) 
where eikr
 
is an arbitrary phase factor, u
k
r( )  is the periodic magnitude and k is a 
point in the reciprocal space, referred to as a k-point. The periodic magnitude of 
the wavefunction, u
k
r( ) , can be expressed as a three-dimensional Fourier series 
 
u
k
r( )  =  c
Gk
e
iGr
G
! ,
 
(2.54) 
in turn constructed through an infinite combination of complex Fourier 
coefficients, c
Gk
 and planewaves, e
iGr
.
51
 There are an infinite number of 
reciprocal lattice vectors, G, and therefore an infinite number of coefficients and 
planewaves. However, the higher energy planewaves have a correspondingly 
small coefficient and therefore contribute negligibly to the formation of the 
wavefunction. It is therefore possible to restrict the number of planewaves used by 
defining an energy cut-off to reduce the computational cost. 
 
1
2
G
2
 <  E
cut
.
 
(2.55) 
Now that the wavefunctions can be constructed, in principle to construct the 
electron density it would be necessary to integrate over an infinite number of k-
points. However, as the wavefunctions change slowly as k is varied, an infinite 
number is not always required. Instead, this can simply be approximated by the 
summation of a suitable number of k-points, 
 
! r( )  =  "
k
r( )
2
d
3
k#
$  "
k
r( )
2
k
% ,
 
(2.56) 
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where the k-points can be placed throughout reciprocal space using the 
Monkhorst-Pack k-point grid,
52
 which gives a uniform distribution of the k-points. 
Therefore, it is the k-point spacing, which is used to control the accuracy of the 
calculation when sampling the electron density.  
Unfortunately, controlling the cut-off energy and number of k-points is not 
enough to create a computationally feasible approach and two further 
approximations must be introduced which allow the simplification of the form of 
the wavefunction and ultimately reduce computational cost and time. These are 
the frozen core approximation and the pseudopotential approximation. 
As the core electrons lie near the nuclei, they will have little effect upon 
bonding, and therefore negligible effect on the chemical, mechanical and 
electronic properties of a solid. Therefore, these core electrons can be “frozen” 
i.e., their effect described by a fixed potential, with only the valence electrons 
being allowed to respond to the changes in the environment. However, the 
oscillatory nature of the valence wavefunctions close to the nucleus may require a 
large number of planewaves to reproduce. It is possible to reduce this cost by 
using a 'pseudopotential', where the wavefunction is artificially smoothed close to 
the nucleus, within the core region, marked by rc in Figure 2.13. This new 
pseudowavefunction will, therefore, require markedly fewer planewaves for its 
construction, thus saving on both cost and time when calculating or minimising 
the energy. The value of rc is chosen based on two competing factors, the 
accuracy and transferability of the pseudopotential and the “smoothness” of the 
pseudopotential. Small values of rc result in “hard” pseudopotentials, leaving a 
greater proportion of the wavefunction intact, therefore increasing the accuracy 
and transferability. Conversely, large values of rc lead to “soft” potentials which 
result in the need for a smaller number of planewaves to describe the 
wavefunction and faster, more efficient calculations. 
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Figure 2.13: The all-electron wavefunction and potential and the newly formed 
pseudowavefunction and pseudopotential, where the core region is marked by rc. 
 
Although the use of pseudopotentials enables an accurate calculation of the 
energies, other properties, including those important in NMR spectroscopy, are 
strongly dependant on the form of the wavefunction within the defined core 
region (rc) and will not be accurately defined by a pseudowavefunction. 
Therefore, the projector augmented-wave (PAW)
53-54
approach was developed, 
which can derive the all-electron wavefunction from a linear transformation of the 
pseudowavefunction. However, the PAW approach was not developed for 
systems under the influence of a magnetic field. Therefore, a computationally 
cost-effective method was subsequently developed, which directly derives the all-
electron wavefunction in the presence of a magnetic field, named the gauge-
including projector augmented-wave (GIPAW) approach.
55
 
 
 
 
 
Pseudowavefunction
All-electron wavefunction
Pseudopotential
All-electron potential
rc
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2.5.5  Methodology for CASTEP calculations 
As discussed previously in this section, CASTEP is the DFT code used to 
calculate the NMR parameters for the crystal structures studied in this work. Our 
CASTEP calculations utilise the GGA (PBE) functional, ultrasoft 
pseudopotentials, the frozen core approximation and GIPAW. The accuracy of the 
calculations is controlled through the choice of the k-point spacing (i.e., number 
of k-points used) using a Monkhorst-Pack grid and the planewave cut-off energy. 
All crystal structures were obtained from the Inorganic Crystal Structure 
Database56 usually obtained from diffraction data. To determine the optimum k-
point spacing and the cut-off energy, an initial set of “convergence studies” are 
required. Typically, the k-point spacing was fixed (at 0.05 Å–1) and the cut-off 
energy varied from 30 to 60 Ry (1 Ry is equivalent to 13.6 eV). Subsequently, the 
cut-off energy was fixed (at 50 Ry) and the k-point spacing varied from 0.09 to 
0.04 Å–1, with upper limits of about 70 Ry and 0.03 Å–1 being deemed too 
computationally costly in most cases. For each of the chemically distinct nuclei 
present in the crystal structure, the NMR parameters are then plotted as a function 
of the k-point spacing or cut-off energy. An example of this, is shown in Figure 
2.14. When the NMR parameters change little, relative to the increasing cost and 
time (i.e., they are said to converge), the corresponding k-point spacing or cut-off 
energy would be deemed high enough to obtain an accurate answer. 
Once the k-point spacing and cut-off energy are chosen, a NMR calculation can 
then be carried out. However, there may be problems with the initial structural 
model, depending on the quality of the diffraction data acquired and the approach 
used. Therefore, geometry optimisations can be carried out to minimise the forces 
present on the atoms, by varying the atomic positions and/or unit cell size/shape 
of the crystal structure. In some cases this can result in an expansion of the unit 
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Figure 2.14: Plots of calculated 119Sn isotropic chemical shift as a function of (a) cut-off energy 
and (b) k-point spacing, for SnO2. Values of 50 Ry and 0.04 Å
–1 are chosen to provide accurate 
results at reasonable computational cost. 
 
cell size (as typically observed for GGA) owing to the lack of dispersion forces in 
the calculation, care should be taken when deciding on the approach used and the 
accuracy and limitations of the results obtained. 
Representative calculations on Y2Sn2O7 can be found in Appendix C, for 
geometry optimisations with fixed and variable cell parameters. The unit cell and 
NMR parameters are given alongside the representative forces before and after 
geometry optimisation.  
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  3  
 Pyrochlore and defect fluorite materials: 
Ceramics for the encapsulation of nuclear 
waste 
  
 
 
3.1  Materials 
3.1.1  Pyrochlores 
The general formula of a pyrochlore
57,58
 material is typically A2B2O7 or more 
accurately A2B2O6O! with thespace group, Fd3m . The structure is closely related 
to the fluorite structure AX2 with the space group, Fm3m , as shown in Figure 3.1, 
except that there are two cation sites and 1/8
th
 of the oxygens have been removed, 
creating vacancies denoted, ! . Using the Wyckoff notation
59,60
 where the B cation 
is placed at the origin (origin choice two), the atomic coordinates and information 
of the local coordination
61
 is given in Table 3.1. It must also be noted that the A 
cation can alternatively be placed at the origin, which results in a reversal of the 
positions of the A/B sites and the O!/!  sites. However, this notation is less 
commonly used. 
The local coordination environment for each cation and anion is shown in 
Figure 3.2, where for fluorite, the A-site is surrounded by 8 oxygen neighbours 
and 12 A-site next nearest neighbour (NNN) cations and the X-site is surrounded 
by four A-site neighbours. In the pyrochlore structure, there is an 8 coordinate A-
site, a 6-coordinate B-site and two different oxygen sites denoted O8b and O48f, 
while the 8a position is vacant. It is this vacancy, which allows the O48f to “relax” 
from its position in the ideal fluorite structure of (3/8, 1/8, 1/8) towards 
 
3.1 Materials 
 
! "#!
 
Figure 3.1: (a) 2 ! 2 ! 2 supercell of fluorite (SnO2). (b) Unit cell of pyrochlore (Y2Sn2O7), formed 
by the ordered removal of 1/8
th
 of the oxygens from the SnO2 structure in (a). 
 
 
Figure 3.2: (a) The local coordination environment of the A cation and X anion in the fluorite 
structure (SnO2). (b) The local coordination environments of the A and B cations and the O48f and 
O8b anions in the pyrochlore structure (Y2Sn2O7). 
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Table 3.1: The atomic coordinates for an A2B2O6O! type pyrochlore, where the B-site is placed at 
the origin and the vacancies are denoted as ! . 
 Wyckoff notation Atomic 
coordinates 
Coordinated to 
A 16d 1/2, 1/2, 1/2 6 " O, 2 " O! 
B 16c 0, 0, 0 6 " O, 2 " !  
O 48f x, 1/8, 1/8 2 " A, 2 " B 
O! 8b 3/8, 3/8, 3/8 4 " A 
!  8a 1/8, 1/8, 1/8 4 " B 
 
the vacancy at (1/8, 1/8, 1/8) by an amount ! =  x " 3 / 8 , (where x is the variable 
positional coordinate of O48f) to account for the presence of the two differently 
sized cations. 
The driving force for the formation of the pyrochlore structure is believed to be 
the ratio of the ionic radii of the A and B cations.
58
 If rA/rB is 1.46-1.78, the 
formation of a pyrochlore is favoured. Outside of this region, if the ratio is above 
1.78, the movement of the O48f anion can no longer compensate for the difference 
in sizes of the A and B cations and so other cations and anions move, forming a 
monoclinic layered perovskite-like structure. However, if the ratio is below 1.46, 
where the A and B cations are still relatively close in size, a defect fluorite 
structure is formed, as described in Section 3.1.2. 
The A
2
3+
B
2
4+
O
7
 pyrochlores, are by far the most common, with a wide array of 
compositions owing to the large number of A
3+
 and B
4+
 cations possessing the 
required ionic radii necessary for pyrochlore formation, such as Sm2Mo2O7
62
 and 
Gd2Ru2O7.
63
 In addition to the A
2
3+
B
2
4+
O
7
 pyrochlores, there are two other types of
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materials that exhibit this structure. The second group is the A
2
2+
B
2
5+
O
7
 
pyrochlores, of which there are far fewer, owing to the smaller number of suitable 
A
2+
 and B
5+
 cations, such as Cd2Nb2O7
64
 and Hg2B2O7.
65
 The final group is more 
complicated and contains the defect pyrochlores, of which there are an even 
smaller number of possible compounds. The two general formulae are A
2
B
2
O
6
, 
e.g., Tl2Nb2O6
66
 and Ag2Sb2O6,
67
 and AB2O6 , e.g., KOs2O6
68
 and CsW2O6.
69
 
Finally, it is also possible to synthesise mixed cation pyrochlores where there are 
multiple A- or B-site cations or multiple anions, such as (CdLa)(TiNb)O7
70
 and 
Cd2(SbHf)O6F.
71
 
 
3.1.2  Defect fluorite 
For an A2B2O7 composition, where the rA/rB ratio is below 1.46, the defect 
fluorite ( Fm3m ) structure is favoured. The structure of disordered defect 
fluorites, such as Gd2Zr2O7
72
 and Ho2Zr2O7
73
 can be described as possessing the 
fluorite structure but with a 7/8
th
 occupancy of the anion sites and complete 
random mixing of the two cations. As the fluorite structure is retained, there is no 
mixing of cation and anion sites.
74
 
 
3.2  Immobilisation of radioactive cations in ceramic 
wasteforms 
3.2.1  Background  
Since plutonium was first isolated in 1941, more than 1400 metric tons of 
plutonium have been created throughout the world, through the use of nuclear 
reactors. In 1997, over 900 metric tons remained in the form of spent nuclear fuel 
at 236 nuclear power plants in 36 different countries,
75
 and approximately 70 to 
80 metric tons of new plutonium is added to the global inventory each year.
76
 
3.2 Immobilisation of radioactive cations in ceramic wasteforms 
 
! 42!
239
Pu is also one of the primary isotopes used in the production of nuclear 
weapons, the other being 
235
U.  
This radioactive waste must be safely stored for long periods of time as the 
radioactive cations have extremely long half lives, e.g., 
239
Pu and 
235
U have half 
lives of 24,000 years and 700 million years, respectively.
77
 Currently, throughout 
the world, the standard immobilisation of the radioactive wastes is through the use 
of a vitrification process to immobilise the waste in a silicate glass. However, 
many tonnes of radioactive waste that has been immobilised in glass are currently 
held in interim storage facilities at vitrification plants awaiting the construction of 
suitable permanent underground storage facilities.
78,79
 
One proposed underground storage facility, involves deep borehole drilling to 
create large underground vaults deep below the surface in tectonically stable 
areas. The nuclear waste would then be contained within a stable and durable 
solid glass,
80
 ceramic
81,82
 or recently proposed glass-ceramic composite.
83,84
 This 
could then be placed inside a metal canister and surrounded by some form of 
corrosion resistant metal, and finally covered by some form of clay or cement.
 
There are three competing geological conditions that have been proposed for the 
location of such vaults, namely clay, salt and hard rock, such as granite or basalt. 
Clay environments are attractive, as clay is impervious to water, preventing 
leaching of the radioactive cations. Salt environments are also attractive as there 
are salt deposits that have remained stable for millions of years. Similarly, granite 
or basaltic rock formations are also found in deep geologically stable 
environments.
85
 
Silicate glasses, which are widely regarded as a first-generation wasteform, 
were not chosen for their high chemical or physical durability, and therefore relied 
upon their surrounding multi-barrier system to prevent the radioactive cations 
from reaching the biosphere.
86
 There are a number of problems that result from 
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the use of borosilicate glasses, such as low waste loading (less than 3 wt% of 
plutonium),
79
 eventual corrosion when in contact with water or humid air,
87
 and 
ultimate amorphisation that results in micro-cracking. Additionally, in practice the 
nuclear waste glasses are never completely homogeneous and can contain small 
bubbles and unwanted foreign inclusions.
88,89 
Therefore, an improved second-
generation wasteform must be developed for the safe long-term storage of nuclear 
waste. 
 
3.2.2  Synroc 
One proposed second-generation wasteform is Synroc (short for synthetic 
rock), developed by Ringwood et al.
90-93
 on the basis of mimicking nature to 
immobilise radioactive cations. Natural pyrochlores may contain up to 30 wt.% 
UO2 and 9 wt.% ThO2
94
 and natural zirconolite may contain up to 20 wt.% ThO2 
and up to 14 wt.% UO2.
95
 These geochemically stable natural minerals, which 
have immobilised actinides for billions of years are therefore natural candidates 
for man made applications. 
In contrast to glasses where the radioactive cations are, in principle, 
homogeneously distributed throughout the solid wasteform, in ceramic materials 
the radioactive cations must occupy specific positions within the crystalline 
structure. Therefore, the composition of a ceramic wasteform must be specifically 
tailored to suit the radioactive nuclei present. One of the most important 
properties of a nuclear wasteform is its chemical durability when in contact with 
an aqueous solution. Chemical durability is a broad term, which encompasses a 
wide variety of properties including thermodynamic stability and corrosion 
resistance under a variety of conditions such as temperature, pH and flow rate. 
Titanate-based ceramics, in particular, have shown a much higher chemical 
durability than many other wasteforms.
79,96-98
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The original form of Synroc, known as Synroc-C, was developed for the 
immobilisation of commercial waste from the reprocessing of spent reactor fuel, 
and was comprised of hollandite, BaAl2Ti6O16; zirconolite, CaZrTi2O7 and 
perovskite, CaTiO3 which were chosen to immobilise radioactive Cs/K/Rb/Ba, Pu 
and Sr/Ba/Pu cations, respectively.
99
 Since then, a number of different 
formulations of Synroc have been developed. Synroc-D was produced for defence 
waste and contains nepheline (Na,K)AlSiO4 instead of hollandite as a host for 
Cs/Rb/Ba.
100,101 
Synroc-F was initially designed to immobilise spent nuclear fuel, 
as it has the ability to incorporate up to ~50 wt.% of this fuel. However, it has 
recently also seen use immobilising surplus weapons-usable Pu and U. This 
formulation comprises of 90-95 vol.% pyrochlore such as (Ca, Gd, U, Pu, 
Hf)2Ti2O7 and a small amount of hollandite and rutile.
102,103
 
 
3.2.3  Radiation damage processes  
Damage to the wasteform occurs through a number of processes, !-decay, "-
decay and #-irradiation. These processes result in a number of wasteform 
damaging effects such as heating, displacive collisions and transmutation. Of 
these effects, displacive collisions are the most damaging, as they result in 
significant structural damage that results in changes to the physical and chemical 
properties of the wasteform.
104
 
During an !-decay, a parent nucleus (e.g., 
239
Pu) emits an !-particle (a He
2+
 
ion) and transmutates to a different atom (e.g., 
235
U) known as an !-recoil ion. 
The small, high energy !-particles mainly dissipate their energy through 
ionisation processes which result in heating of the wasteform. They also result in 
the displacement of a small number of atoms, which spread along the path of the 
!-particle. Therefore, the repair of these small defects can easily occur as they are 
surrounded by large undamaged regions of the crystal structure. However, the 
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large lower energy !-recoil ions result in a highly localised displacement cascade, 
with around 2000 atoms displaced. This large disruption to the crystal structure 
results in a large amorphous region, where disordered atoms are surrounded by 
disordered atoms, reducing the chances of repair, leading to an increased 
probability of irreversible damage to the crystal structure.
74,101,105
 
"-decay is a process where a "-particle (an electron) is emitted from a parent 
ion, which as a result, undergoes transmutation. Owing to the low mass of the "-
particle, this results in very little displacement of surrounding atoms. In 
comparison to an !-decay which results in around 2000 displacements per atom, 
"-decay events only results in about 0.15 displacements per atom. Most of the 
energy of the "-particle is dissipated through ionisation processes causing heating 
of the wasteform. As "-decays are the primary source of radiation during the first 
500 years of a radioactive decay process with !-decays becoming more prominent 
after about 1000 years, they are also the principal source of the heating of the 
wasteform.
106
 
#-irradiation is a process where energy is released in the form of a high 
frequency #-ray. As no particles have been emitted, no transmutation of the parent 
ion takes place. The #-rays, are typically absorbed by the wasteform, resulting 
again in heating of the wasteform. Therefore, in most cases, structural damage 
from #-irradiation is fairly minimal.
107
 
 
3.2.4  Study of radiation damage 
Whilst it is possible to study the effects of radiation damage by studying 
naturally-occurring radiation damaged pyrochlores, the exact composition and 
dose rates can vary dramatically. Additionally, as the thermal and environmental 
histories of the natural minerals are not well known, they are unsuited to any 
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systematic study.
94,108
 Therefore, a method for recreating the long-term effects of 
!-decay damage is required. 
Pyrochlores (and other ceramics) can be doped with short-lived !-particle 
emitters such as 
238
Pu or 
244
Cm, that possess half lives of 87.7 and 18.1 years 
respectively.
109-112
 Unfortunately, these studies still take a number of years to 
complete, whilst the radiation damage occurs. By comparison, ion-beam 
irradiation methods, using heavy ions such as Kr
+
 or Xe
+
,
113
 or !-particles 
(He
2+
)
114
 are much faster and can take a matter of minutes to reach significant 
dose levels. These approaches are typically favoured due to their ability to rapidly 
produce a highly damaged or amorphous state within the ceramic that is found to 
be similar to those found in ceramics which have been damaged by !-decay 
processes over long periods of time.
115,116
 
The use of solid-state NMR to study radioactive ceramics requires not only a 
lab and spectrometer within a specialist radioactive containment area, but the 
additional development of specialist equipment to prevent contamination or 
harmful exposure to the equipment or operator. For this purpose, a triple-
containment method was developed for use with Chemagnetics-Varian 7.5 mm 
MAS rotors and handling procedure was developed by Farnan et al.
117
 which was 
later used with considerable success to study 
239
Pu and 
238
Pu doped 
zircon.
111,112,118
 
 
3.2.5  Pyrochlore resistance to atomic displacement damage 
The rA/rB ratios, or more specifically the O48f positional parameter, x, can be 
used to predict the stability of the pyrochlore phase under heavy-ion irradiation. 
When comparing Ti-, Zr- and Sn-bearing pyrochlores, in general, the Zr- and Sn-
based materials were found to possess a far higher resistance to amorphisation, or 
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in some cases a complete resistance to amorphisation. This can be explained by 
the lower O48f x values and the lower rA/rB ratios for these systems. As such, they 
are closer to and therefore more likely to disorder to the crystalline defect fluorite 
structure.
119
 This effect can be seen directly in the study of Gd2Ti2–xZrxO7 
pyrochlores, which showed a systematic increase in resistance to amorphisation as 
the zirconium content was increased.
120
 A similar study of the pyrochlore, 
Er2Ti2O7 and the defect fluorite, Er2Zr2O7 showed how the defect fluorite 
structure can readily accommodate structural disorder whilst remaining 
crystalline.
121
 
 
3.3  Previous work 
3.3.1  
89
Y solid-state NMR of Y2SnxTi2–xO7 
Grey et al. carried out the first 
89
Y solid-state NMR experiments for Y2Sn2O7 
and Y2Ti2O7, in 1990 using B0 = 8.5 T, as part of a larger investigation of actinide 
and lanthanide pyrochlores.
122
 It must be noted that the acquisition of 
89
Y NMR 
spectra is highly challenging, despite having spin quantum number I = 1/2 and 
being 100% abundant, owing to its extremely long relaxation times and poor 
sensitivity as a result of the low ! (–1.3"10
7
 rad
–1
s
–1
T
–1
). Short pulses, with #/6 
flip angles were used with 45 s recycle intervals to compensate for the low 
sensitivity. For Y2Sn2O7 and Y2Ti2O7 respectively, $iso was measured as 150 and 
65 ppm and chemical shift tensors were measured with errors of ± 10 to 50 ppm, 
giving % = 240 and 615 ppm and & = ~0.8 and ~1. The difference in the values of 
the chemical shifts is probably due to the yttrium being surrounded by a ring of 
six B-site next nearest neighbour (NNN) cations. The presence of only one sharp 
resonance is in agreement with the one crystallographically-distinct site predicted 
from the crystal structure.  
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In this work the chemical shift anisotropy was also measured using slow MAS 
experiments that yielded only three spinning sidebands, which would explain the 
uncertainty in the measurement of the principal tensors and deviation of ! from 1. 
The difference in the magnitude of the anisotropy can be explained through the 
O48f x-positional coordinate, where if the oxygen was at x = 0.375, as in fluorite, it 
would lead to the yttrium being coordinated to a symmetric cubic arrangement of 
oxygens and would presumably lead to a low or negligible anisotropy for the 
highly symmetric site. Therefore, the bigger the deviation of the value of the O48f 
x-positional coordinate from the fluorite position, the larger the distortion in the 
oxygen coordination polyhedral would be, leading to a larger anisotropy. For 
Y2Sn2O7 and Y2Ti2O7, x = 0.338
123
 and 0.328
124
 respectively, which compared to 
the measured values of " = 240 and 615 ppm, confirms this prediction. 
Work on the Y2SnxTi2–xO7 solid solution was later expanded upon by Ashbrook 
et al. in 2006,
125
 where compositions with x = 2.0, 1.6, 1.2, 0.8, 0.4, 0.2 and 0.0 
were studied using B0 = 11.7 T. To compensate for the long T1 relaxation times of 
89
Y NMR and ensure the acquisition of quantitative spectra for the Y2SnxTi2–xO7 
solid solution, short ~#/5 pulses were used alongside long 5000 s relaxation times. 
The presence of both Sn/Ti on the pyrochlore B-sites results in a number of 
different possible NNN environments. The specific names for each of these 
different arrangements, such as Sn6, Sn5Ti etc., are shown in Figure 3.3. 
The 
89
Y NMR spectra of the Y2SnxTi2–xO7 solid solution were reacquired as 
part of this body of work at a higher field strength of B0 = 14.1 T shown in Figure 
3.4. Although #/2 pulses and shorter relaxation times of 300 s were used, the 
relative intensities of the resonances were not affected and were found to be in 
good agreement to those acquired by Ashbrook et al. Analysis of the 
89
Y NMR 
spectra in the previous work showed that the majority of resonances were spaced 
by ~15 ppm and that each of the resonances could be tentatively assigned as  
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Figure 3.3: (a) The 8-coordinate pyrochlore A-site, showing a 1,3,5-Sn3Ti3 arrangement of Sn and 
Ti cations on the six surrounding NNN B-sites (b) The different possible arrangements of Sn and 
Ti cations on the six NNN B sites which surround the A-site. 
 
possessing n Sn (and 6–n Ti) NNN B-site cations, where the more polarising Ti
4+
 
cation results in resonances which are shifted upfield.
125,126
 It was also 
highlighted, that for the 3 Sn NNN environment, the expected single resonance is 
clearly split into two resonances, something which is not seen for any of the other 
n Sn NNN environments. 
After assignment, the relative integrated intensities of the resonances were used 
to determine the proportions of yttrium nuclei with each of the various possible 
Sn/Ti NNN coordination environments. This was then compared and found to be 
in good agreement with that which would be expected for a random distribution of 
Sn and Ti cations on the B-sites. The probability of finding n Sn NNN for a 
specific composition of Y2SnxTi2–xO7 assuming that the Sn and Ti cations are 
randomly distributed throughout the B-sites is given by 
 P n Sn( )  =  ! pn 1" p( )
6"n
,  (3.1) 
 
(a)
(b)
1,3,5-Sn3Ti3
Y
O
Sn
Ti
1,2-Sn4Ti2Sn6 1,3-Sn4Ti2Sn5Ti 1,4-Sn4Ti2 1,2,3-Sn3Ti3
1,2,4-Sn3Ti3 1,3-Sn2Ti41,3,5-Sn3Ti3 1,4-Sn2Ti41,2-Sn2Ti4 SnTi5 Ti6
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Figure 3.4: 
89
Y (14.1 T) MAS NMR spectra of Y2SnxTi2–xO7 with x = 2.0, 1.6, 1.2, 0.8, 0.4, 0.0. 
The spectra are a result of averaging 584 (x = 2.0, 0.0), 848 (x = 1.6, 0.4) and 1080 transients (x = 
1.2, 0.8), with recycle intervals of 10 (x = 2.0, 0.0) and 300 s (x = 1.6, 1.2, 0.8, 0.4) and a 
preacquisition interval of 80 µs. The MAS rate was 14 kHz. 
 
where ! is the number of possible permutations of n Sn NNN derived from the 
binomial distribution, and p is the probability of finding Sn i.e., p = x/2. 
Therefore, for Y2Sn1.6Ti0.4O7, the probability of finding a 3 Sn NNN environment 
can be determined as P(3 Sn) = 20(0.8)
3
(0.2)
3
 = 0.08 i.e., 8%. 
An identical investigation was carried out upon the NMR spectra acquired in 
this body of work in Figure 3.4, where, the comparison between the predicted and 
experimental intensities of the spectral resonances are shown in Figure 3.5. There 
is again, good agreement between the predicted and experimental intensities, 
confirming that the Sn and Ti cations are most probably randomly distributed 
throughout the B-sites. 
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Figure 3.5: Plot of signal intensities (expressed as %) for (a) a statistical model assuming a random 
distribution of Sn/Ti on the pyrochlore B-site and (b) extracted from the 
89
Y MAS NMR spectra of 
Y2SnxTi2–xO7 shown in Figure 3.4, as a function of the n Sn NNN environment. 
 
The reduced shielding anisotropy for Y2Sn2O7 and Y2Ti2O7 was also measured 
by Ashbrook et al., using both static and slow MAS experiments. In the static 
experiments, CPMG was used to increase sensitivity, and in the slow MAS 
experiments, slower MAS rates were used than Grey et al., producing a greater 
number of sidebands and a more accurate measurement of the principal tensors. 
For Y2Sn2O7 and Y2Ti2O7, ! = 208 and 595 ppm respectively and " = ~0.9 for 
both pyrochlores. As stated by Hodgkinson and Emsley,
127
 for a crystallographic 
site at a point of axial symmetry, it is expected to be difficult to accurately 
determine the principal tensor components for values of # = 0 to 0.3 (equivalently 
" = ±1 to ±0.6). Therefore, a degree of uncertainty in the values of ! and " might 
be expected. However, the combination of a more accurate slow MAS and static 
experiments would presumably lead to more accurate answers.  
 
3.3.2  
89
Y DFT calculations of Y2SnxTi2–xO7 
An investigation into the analysis of the NMR spectra of Y2SnxTi2–xO7 using 
DFT calculations was carried out by Reader et al., a work which also contains a 
number of the results produced in the context of this thesis.
128
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the accuracy of the calculation of !iso using this approach was undertaken by 
comparing experiment and calculated parameters of a range of simple Y-
containing inorganic solids. A strong linear correlation was observed, with good 
agreement between calculated and experimental values, suggesting this is useful 
for the investigation of the disordered pyrochlores. 
The confirmation that the yttrium resides on the 8-coordinate A-site and not on 
the 6-coordinate B-site was possible through the manipulation of unit cells of 
Y2Sn2O7 and Y2Ti2O7, in which A and B-site cations were swapped. This allowed 
the chemical shift for 6-coordinate yttrium to be determined. The lack of any 
signal near the calculated chemical shift for 6-coordiate Y, confirmed that Y was 
only found on the 8-coordinate A site. 
One of the main advantages of using CASTEP to calculate an infinitely 
repeating crystalline solid, is that it can exploit the periodicity of the repeating 
structure and avoid the need for any sort of cluster approximation. However, for a 
disordered material where there is no strictly defined unit cell, an alternative 
strategy must be applied. A simplified, systematic approach was chosen, where 
positional periodicity was retained, but the composition of the NNN environment 
around just the Y species was varied. To do this, 13 different unit cells were 
created in which each of the 13 possible NNN environments can be studied in 
effective isolation. A unit cell of Y2Sn2O7 is taken as shown in Figure 3.6a and a 
cluster centred around a Y cation as shown in Figure 3.6b is “removed”. The B-
site NNN cations are altered to one of the 13 different possible permutations of Sn 
and Ti cations, shown in Figure 3.3b, before being “inserted” back into the unit-
cell. As the unit cell has been changed, the forces on the atoms must first be 
minimised through a geometry optimisation of the atomic coordinates and unit 
cell parameters before the NMR calculation is performed. 
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Figure 3.6: (a) Unit cell of Y2Sn2O7. (b) Central cluster around a Y atom and the surrounding B-
site NNN environment. Shown inset is the same cluster, highlighted in red. (c) A 3 ! 3 ! 1 
supercell of Y2Sn2O7, with the central clusters highlighted in red, where each of the clusters are 
found ~5.2 Å apart (edge-to-edge). 
 
When considering the central cluster inside the unit cell, the central cluster can 
be highlighted in red as shown inset in Figure 3.6b. Therefore when considering 
the 3 ! 3 ! 1 grid of unit cells shown in Figure 3.6c, due to the periodicity, the 
clusters, are separated by a distance of ~5.2 Å. To increase the size of this “buffer 
zone” (the area not highlighted in red) that separates the central cluster from its 
periodic repeat, the clusters could instead be placed into a larger super-cell. 
However, this would result in an increased computational cost and was not 
possible in previous work, or in the current thesis. 
 In addition to the calculations based on a Y2Sn2O7 unit cell, a similar series of 
calculations based on a Y2Ti2O7 unit cell were also carried out. The chemical 
shifts from the central Y cations from both Y2Ti2O7 and Y2Sn2O7 unit cells are 
plotted as a function of n Sn NNN in Figure 3.7a. By considering all of the Y 
cations in each of the unit cells, a range of chemical shifts were obtained for each 
n Sn NNN environment, reflecting changes in the longer range environment. As 
the Y2Sn2O7 unit cells produce a high number of Sn rich environments and the 
Y2Ti2O7 unit cells produce a high number of Ti rich environments, a series of  
 
(a) (b) (c)
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Figure 3.7: Plots showing calculated 
89
Y isotropic chemical shifts as a function of n Sn NNN for 
the different local environments shown in Figure 3.3b. In (a), only the chemical shift from the 
central Y cation is shown from unit cells based on Y2Ti2O7 and Y2Sn2O7 unit cells. In (b), the 
chemical shifts from all of the Y cations are shown from calculations based on Y2Ti2O7, Y2Sn2O7 
and Y2SnTiO7 unit cells. Data points have been offset slightly for clarification. 
 
calculations were also added with equal proportions of Sn and Ti cations, labelled 
Y2SnTiO7, which would result in an increased number of NNN environments, 
with similar numbers of Sn and Ti. The results for all three datasets are shown 
separately in Figure 3.7b. 
Figure 3.8 shows the 
89
Y chemical shifts as a function of NNN environment 
and n Sn NNN. When considering the chemical shift ranges observed for each B-
site NNN environment, it is apparent that there are a small number of outlying 
points at higher chemical shifts. When the structures of the respective models 
used, were analysed, it was found that when comparing the Y cations which 
possessed noticeably higher chemical shifts to the rest of the Y cations, they 
possessed a noticeably higher deviation of the O8b-Y-O8b bond angle away from 
the ideal 180° angle (found in the end member pyrochlores), and a larger Y-O48f 
bond distance. Therefore, it was suggested that these points may be able to be 
disregarded, as they are likely a result of unwanted imposed geometric distortions 
due to the small size of the repeating unit cell. In any case, these points account 
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Figure 3.8: Plots showing calculated 
89
Y isotropic chemical shifts from Y2Ti2O7, Y2Sn2O7 and 
Y2(SnTi)O7 unit cells as a function of n Sn NNN for the different local environments shown in 
Figure 3.3b. 
 
for a very small number of the total data points, and so would have little effect 
upon the analysis of the experimental spectra. 
When comparing the chemical shift ranges as shown in Figure 3.8, as the Ti 
content is increased, i.e., from Sn6 to Sn5Ti, it is apparent that the average shifts 
are shifted upfield to lower chemical shifts. They are also fairly regularly spread 
and there is little overlap with the ranges from the neighbouring environments i.e., 
the range for Sn6 does not overlap with that from Sn5Ti, making it possible to 
identify each environment. However, when comparing the three different B-site 
environments with an identical number of Sn cations, i.e., 1,2-Sn4Ti2, 1,3-Sn4Ti2 
and 1,4-Sn4Ti2, it is apparent that the chemical shift ranges are completely 
overlapped. Therefore, it would not be possible to identify specific environments 
with identical numbers of Sn cations. Therefore, based on the trends seen in 
Figure 3.8, the assignment of the NMR spectra in Figure 3.4 appears to be 
confirmed. 
Additional work was later carried out and is now presented here, to determine 
the relationship between the chemical shift and any structural parameters.  
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Figure 3.9: Plot of the experimental chemical shifts of each of the different B-site NNN 
environments determined from the experimental 89Y NMR spectra shown in Figure 3.4 as a 
function of the average unit cell lengths determined from diffraction studies by Ashbrook et al.125 
Each vertical column of points corresponds to a the chemical shifts taken from a particular 
composition of Y2SnxTi2–xO7. 
 
Ashbrook et al.125 used diffraction studies to determine the average unit cell size 
for each composition in the Y2SnxTi2–xO7 solid solution. Therefore, the chemical 
shift for each of the resonances as a function of the unit cell size can be plotted, as 
shown in Figure 3.9. It is clear that as the unit cell size decreases, each of the B-
site NNN resonances is shifted downfield. 
To confirm that the downfield shift is caused by the decrease of the unit cell 
size, a range of DFT calculations can be used. Using a unit cell of Y2Sn2O7 and 
Y2Ti2O7, unit cell lengths were fixed at 10.18 and 10.48 Å. After geometry 
optimisation of the atomic coordinates, the NMR parameters were calculated. The 
chemical shift plotted as a function of the unit cell length for both Y2Sn2O7 and 
Y2Ti2O7 is shown in Figure 3.10a. As seen in Figure 3.9, as the unit cell size 
decreases, there is a large downfield shift of the chemical shift found for the Sn6 
environment and a smaller downfield shift for the Ti6 environment. Therefore, it 
is clear that the downfield shift is a result of the decreased unit cell size, as it 
occurs in both Y2Sn2O7 and Y2Ti2O7. However, it is not yet clear why there is a 
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Figure 3.10: (a) Plot of the calculated 89Y chemical shift as a function of the average unit cell 
length, determined from DFT calculations of Y2Sn2O7 and Y2Ti2O7 with fixed unit cell lengths of 
10.18 and 10.48 Å. (b) Plot of the calculated 89Y chemical shifts associated with each of the B-site 
NNN environments as a function of the average unit cell length, determined from a range of unit 
cells based on Y2Sn2O7, Y2SnTiO7 and Y2Ti2O7 using the results shown in Figure 3.8. 
 
difference in the magnitude of this downfield effect between Y2Sn2O7 and 
Y2Ti2O7. 
To investigate the relationship between the 89Y chemical shifts and the unit cell 
size for the Y2SnxTi2–xO7 solid solution, we can return to the series of calculations 
shown in Figure 3.8, and now plot the chemical shift as a function of the average 
unit cell length as shown in Figure 3.10b. As the unit cell size decreases, there is a 
downfield shift of !iso for the Sn6 environment, and as the proportion of Ti in the 
B-site NNN environment increases, the size of this downfield shift gradually 
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Figure 3.11: Plot of the average (a) Y-O48f and (b) Y-O8b bond length as a function of the average 
unit cell length. 
 
decreases. Therefore, the decrease in the unit cell size is having a differing affect 
upon the 
89
Y chemical shift, depending on the surrounding B-site NNN 
environment. 
As the chemical shift is dependent upon the local geometry, it is possible that 
the decrease in the unit cell size is altering the geometry in some way, which 
could explain the trends found in the chemical shifts. The average unit cell length 
is plotted as a function of the average Y-O48f bond length in Figure 3.11a and as a 
function of the average Y-O8b bond length in Figure 3.11b. It can be seen that as 
the unit cell size is decreased, this has the effect of decreasing the Y-O48f bond 
lengths and increasing in the Y-O8b bond lengths. However, the relative change in 
the bond lengths as the unit cell size decreases is much greater for the Y-O48f bond 
lengths, than for the Y-O8b bond lengths. Upon closer inspection, the gradients of  
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Figure 3.12: Plot of the calculated 
89
Y chemical shift as a function of the average (a) Y-O48f and 
(b) Y-O8b bond lengths. 
 
a linear fit of the data points for each n Sn NNN environment change as the 
proportion of Ti is increased. This might be expected, as the different B-site 
cations will affect the nature, strength and length of the bonds. 
As a final step, the chemical shift can be plotted as a function of the average Y-
O48f bond lengths in Figure 3.12a and as a function of the average Y-O8b bond 
lengths in Figure 3.12b. As stated previously, a decrease in the unit cell size will 
result in a decrease in the Y-O48f bond lengths and an increase in the Y-O8b bond 
lengths. Therefore, when considering a decrease in the Y-O48f bond lengths in 
Figure 3.12a, it is clear that for the Sn6 environment there is a downfield shift. As 
the proportion of Ti into the B-site NNN environment is increased, the magnitude 
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of the downfield shift decreases and eventually becomes an upfield shift. When 
considering an increase in the Y-O8b bond lengths in Figure 3.12b it is clear that 
for the Sn6 environment there is a downfield shift and as the proportion of Ti into 
the B-site NNN environment is increased the magnitude of the downfield shift 
decreases. Therefore, the changes in the Y-O48f and Y-O8b bond lengths will affect 
the chemical shift in different ways, depending on the exact nature of the B-site 
NNN environment. 
In conclusion, although a decrease in the unit cell size results in a concomitant 
change to the Y-O bond lengths, irrespective of the type of B-site cations present, 
it is clear that the type of B-site cations present can alter the degree of the 
downfield shift. 
 
3.4  Conclusions 
As this thesis deals with the study of pyrochlore and defect fluorite materials, 
their structures must be understood and are therefore described in this chapter. 
Additionally, some background information on the use of pyrochlore and defect 
fluorite materials is given to explain why these materials are to be studied. After 
this introduction, the 
89
Y NMR and DFT calculations on the Y2SnxTi2–xO7 solid 
solution are covered, including work that was already carried out in literature 
including some additional analysis that was performed at a later date. As the work 
in this thesis is closely linked to, and follows on from this previous work, its 
inclusion and understanding is important. 
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  4  
 Multinuclear solid-state NMR 
investigation of Y2SnxTi2–xO7 
  
 
 
4.1  Introduction 
It has been shown in previous studies
125,128
 and discussed in Section 3.3, that 
89
Y NMR is a useful probe of disorder in Y2SnxTi2–xO7 pyrochlores, and in 
particular, that it can be used to provide information on the ordering of the Sn and 
Ti cations which reside on the B-sites. However, as 
89
Y NMR has a low 
receptivity, as a result of its low ! (of –1.32"10
7
 rad s
–1
 T
–1
) it is not the easiest 
nuclei to study using NMR. Therefore, the alternative NMR-active nuclei in these 
materials can be considered to assess their suitability for structural investigation. 
Table 4.1 shows the properties of the NMR-active isotopes present in the 
Y2SnxTi2–xO7 pyrochlores. Of these nuclei, 
17
O NMR would appear to be a good 
probe of disorder as it bonds to both A- and B-site cations. However, it 
unfortunately has a low receptivity, primarily as a result of an extremely low 
natural abundance of only 0.04%. The two isotopes of Ti, 
47
Ti and 
49
Ti possess 
very similar !, which results in a Larmor frequency which differs by only 9 kHz at 
a magnetic field strength of 14.1 T. Furthermore, they possess large quadrupole 
moments which often results in significant second-order quadrupolar broadening 
of the NMR spectra, compromising both sensitivity and resolution. Therefore, 
these two factors often lead to NMR spectra that possess broadened and 
overlapping spectral lineshapes from the two isotopes.  
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Table 4.1: The spin quantum number, I; natural abundance, NA; gyromagnetic ratio, !; quadrupole 
moment, Q and receptivity at natural abundance relative to 
13
C, RNA (
13
C) of NMR isotopes in the 
Y2SnxTi2–xO7 solid solution. 
 I NA (%) ! / 10
7
 rad s
–1
 T
–1
 Q / fm
2
 RNA (
13
C) 
17
O 5/2 0.04 –3.6281 –2.56 6.50"10
–2
 
47
Ti 5/2 7.44 –1.5105 30.20 9.18"10
–1
 
49
Ti 7/2 5.41 –1.5110 24.70 1.20 
89
Y
 
1/2 100 –1.3163 - 7.00"10
–1
 
115
Sn
 
1/2 0.34 –8.8013 - 7.11"10
–1
 
117
Sn 1/2 7.68 –9.5888 - 2.08"10
1
 
119
Sn 1/2 8.59 –10.0317 - 2.66"10
1
 
 
The remaining isotopes shown in Table 4.1 are the three NMR-active isotopes 
of Sn, which are all spin I = 1/2, thereby avoiding any problems with quadrupolar 
broadening. Despite a lower natural abundance than 
89
Y, both 
117
Sn and 
119
Sn 
have a much greater receptivity, owing to the larger !. Conventionally, 
119
Sn 
NMR is typically preferred owing to the slightly higher natural abundance, and 
slightly larger !. In addition, 
119
Sn typically exhibits much shorter T1 relaxation 
times (typically tens of seconds) than those observed for 
89
Y (often thousands of 
seconds), enabling spectra to be acquired in a fraction of the time and opening up 
the possibility of utilising more complex two-dimensional NMR experiments. For 
the Y2SnxTi2–xO7 pyrochlores, it might be anticipated that 
119
Sn NMR spectra 
would have a similar appearance to those previously obtained for 
89
Y NMR, as 
both the A- and B-sites within the pyrochlore structures, are surrounded by 6 
NNN B-sites. This chapter will be primarily focussed on assessing the use of 
119
Sn 
and to a lesser extend 
17
O and 
47/49
Ti, NMR for investigation of Y2SnxTi2–xO7 
pyrochlores. The use of solid-state NMR will be complemented with DFT 
calculations that aid in the interpretation of the NMR spectra. 
4.2 Experimental methods 
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4.2  Experimental methods 
4.2.1  NMR spectroscopy 
All spectra were acquired using a Bruker AVANCE III 600 MHz spectrometer 
equipped with a 14.1 T widebore magnet, operating at a Larmor frequency of 
223.792 MHz for 
119
Sn, 213.840 MHz for 
117
Sn, 81.356 MHz for 
17
O, 33.833 
MHz for 
47
Ti and 33.842 MHz for 
49
Ti. 
117
Sn and 
119
Sn NMR experiments were carried out using a commercial HX 
probe using a rf field strength of 110 kHz. Samples were packed into conventional 
4 mm ZrO2 rotors. Chemical shifts are shown in ppm relative to the primary 
reference (CH3)4Sn (l), measured using a secondary solid reference of SnO2 at  
–604.3 ppm.
129
 
17
O NMR experiments were carried out using a commercial HX probe and an 
rf field strength of 125 kHz. Samples were packed into 4 mm Si3N4 rotors to avoid 
any potential 
17
O background signal, which would be present in conventional 
ZrO2 rotors. Chemical shifts are shown in ppm relative to the primary reference 
H2O (l). 
49
Ti NMR experiments were carried out using a commercial “low-!” HX probe 
and a rf field strength of 21 kHz. Samples were packed into conventional 4 mm 
ZrO2 rotors. 
47/49
Ti chemical shifts are shown in ppm relative to the secondary 
solid reference of SrTiO3 where the 
49
Ti resonance was referenced to 0 ppm 
following the convention of Bastow et al.
130
 and Padro et al.
131
 The chemical 
shifts may still, however, be referenced back to the primary reference, TiCl4 (l) 
with the 
49
Ti resonance of SrTiO3 then at –843 ppm.
132
  
For 
117/119
Sn, 
17
O and 
47/49
Ti NMR experiments, preacquisition delays of 10, 10 
and 100 µs respectively, were used. The integrated intensities of the spectral 
resonances were determined using Dmfit.
133
 Other relevant experimental 
4.2 Experimental methods 
 
! 64 
parameters are detailed in the text and figure captions. The errors of the chemical 
shifts quoted are expected to be ±1 ppm. 
 
4.2.2  DFT calculations 
All calculations were carried out using the CASTEP DFT code, on the 
EaStCHEM Research Computing Facility Cluster, with a k-point spacing of 0.05 
Å–1 and a cut-off energy of 50 Ry. Geometry optimisations of atomic coordinates 
and unit cell parameters were carried out in all cases, prior to the calculation of 
NMR parameters. The calculated isotropic shift, !
iso
calc
 =  "
ref
# "
iso
calc( ),  was 
converted from the calculated isotropic shielding using a reference shielding 
value. For 119Sn, a reference shielding of 2435.4 ppm was determined from a 
comparison of the calculated chemical shieldings and experimentally measured 
chemical shift of SnO2. Similarly, for 
17O, a reference shielding of 258 ppm was 
determined using !-SiO2 and for 
47Ti, a reference shielding of –149.5 ppm was 
determined using TiO2. 
 
4.2.3  Sample preparation 
The Y2SnxTi2–xO7 samples prepared by Dr Karl Whittle were formed by 
grinding together stoichiometric amounts of Y2O3 (Aldrich 99.5%), SnO2 (Alfa-
Aesar, 99.5%) and TiO2 (Alfa-Aesar 99.9%) in an agate ball mill using acetone as 
the mobile phase. The resultant powders were then pressed into pellets using a 
uniaxial press, heated at 1500 °C for 48 hours (at a ramp rate of 10 °C min–1), 
cooled, reground, repressed and heated for a further 96 hours at 1500 °C. 
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4.3  
119
Sn and 
117
Sn NMR investigation of Y2SnxTi2–xO7 
4.3.1  
119
Sn and 
117
Sn MAS NMR spectra 
The 
119
Sn MAS NMR spectra of Y2SnxTi2–xO7, acquired using a conventional 
single pulse experiment are shown in Figure 4.1a. The Y2Sn2O7 end member 
shows a single sharp peak, resulting from the single crystallographic site, with all 
Sn cations surrounded by 6 Sn NNN cations on the surrounding B-sites. This is in 
agreement with a previous 
119
Sn NMR spectrum of Y2Sn2O7 which was published 
as part of a larger study of rare-earth stannates.
134
 In previous work using 
89
Y 
NMR,
125,128
 as discussed in Section 3.3.1 and 3.3.2, in the 
89
Y NMR spectra 
shown in Figure 3.4, as the Ti content of the B-site NNN environment was 
increased, resonances were observed at lower chemical shifts. In the 
119
Sn NMR 
spectrum of Y2Sn1.6Ti0.4O7, there are two additional resonances found at lower 
chemical shifts, and spaced by ~7.3 ppm. These resonances are also significantly 
broader than those found in Y2Sn2O7, owing to a range of chemical shifts as a 
result of the changes in the local geometry or changes in the long-range 
environment. When comparing the 
89
Y and 
119
Sn NMR spectra of Y2Sn2O7, they 
both show a single resonance, similarly the spectra of Y2Sn1.6Ti0.4O7 both show 
three resonances with similar intensities. However, for the remaining 
Y2Sn1.2Ti0.6O7, Y2Sn0.8Ti1.2O7 and Y2Sn0.4Ti1.6O7 compositions, the 
119
Sn spectra 
are considerably different to the 
89
Y spectra, showing a reduced number of broad 
resonances. 
The 
117
Sn NMR spectra of Y2SnxTi2–xO7 were also acquired, as they also have a 
reasonable receptivity, and are shown in Figure 4.1b. As the 
117
Sn NMR spectra 
are extremely similar to the 
119
Sn NMR spectra shown in Figure 4.1a, either 
nuclei can be used, however, 
119
Sn is preferred due to its slightly higher 
receptivity. 
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Figure 4.1: (a) 
119
Sn and (b) 
117
Sn (14.1 T) MAS NMR spectra of Y2SnxTi2–xO7 with x = 2.0, 1.6, 
1.2, 0.8 and 0.4. 
119
Sn and 
117
Sn NMR spectra are a result of averaging 24 and 48 transients, 
respectively, with a recycle interval of 120 s and a MAS rate of 14 kHz. 
 
4.3.2  
119
Sn 2D refocused-INADEQUATE spectra 
Owing to the higher receptivity and lower relaxation times for 
119
Sn in 
comparison to 
89
Y, it is possible to carry out complicated NMR experiments 
which would be extremely time consuming and not feasible to perform for 
89
Y 
x = 1.6
x = 1.2
x = 0.8
x = 0.4
x = 2.0
x = 1.6
x = 1.2
x = 0.8
x = 0.4
x = 2.0
–580 –600 –620–560
! (ppm)
–580 –600 –620–560
! (ppm)
(a) (b)119Sn 117Sn
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NMR. One such experiment is the two-dimensional refocused-INADEQUATE 
experiment (detailed in Section 2.4.3 with the pulse sequence shown in Figure 
2.12b), which enables the through-bond connectivities between the species to be 
determined, therefore confirming which are present in the same phase and 
offering some insight into the local structure. 
A 
119
Sn refocused-INADEQUATE experiment was carried out for 
Y2Sn1.6Ti0.4O7, as it contained the largest number of intense resonances. The 
duration of the (rotor synchronised) ! delay was optimised to maximise the signal 
intensity. Maxima were observed for 15 and 45 rotor periods, corresponding to 
1.1 and 3.2 ms respectively, with longer ! delays corresponding to smaller 
119
Sn-
O-
119
Sn 
2
J-couplings and/or longer through-bond connectivities. A two-
dimensional refocused-INADEQUATE experiment was then carried out for both 
of these ! delays, and the two spectra are shown in Figure 4.2, where the three 
distinct resonances at !2 = –579, –586 and –593 ppm are labelled as A, B and C, 
respectively. Experimental times were 42 and 64 hours, respectively, showing that 
despite the high receptivity of 
119
Sn, these experiments are still challenging to 
acquire due to the low natural abundance of 
119
Sn (8.59%) which results in a low 
number of 
119
Sn-O-
119
Sn linkages. 
Pairs of cross peaks at !1 = –1165 and –1179 ppm, corresponding to AB and 
BC connectivities respectively, can be seen in both spectra. However, in both 
cases AC cross peaks, which should be observed at !1 = –1172 ppm do not appear 
to be present. The lack of these cross peaks is possibly due to these two 
environments being fairly well separated from each other within the material, or 
simply due to the choice of ! delays. The spectra can therefore confirm that all 
three resonances are present in a single phase, suggesting a true pyrochlore solid 
solution is formed. 
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Figure 4.2: 
119
Sn (14.1 T) refocused-INADEQUATE MAS NMR spectra of Y2Sn1.6Ti0.4O7 with ! 
of (a) 1.1 and (b) 3.2 ms respectively. Spectra are the result of averaging (a) 208 and (b) 304 
transients for each of the 25 t1 increments using a MAS rate of 14 kHz. A presaturation train, 
consisting of 32 pulses separated by 50 ms was also used enabling a shorter recycle interval of 30 s 
to be used. 
 
In a well-ordered crystalline material there should be no cross peaks 
corresponding to AA, BB and CC connectivities, as the J-coupling should be 
equal to zero between equivalent species. However, the presence of disorder 
produces a range of slightly different environments for each resonance. Therefore, 
it is possible for a J-coupling to be observed between species with very similar  
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isotropic chemical shifts, but slightly different geometry or long-range 
environments. Additionally, Fayon et al.135 discovered that cross peaks can be 
obtained in a refocused-INADEQUATE experiment for pairs of nuclei with a 
through-space proximity, but no through-bond connectivity, for the special case of 
n = 0 rotational resonance, where the MAS frequency is comparable to, or smaller 
than the chemical shift anisotropies. Therefore, it is also possible, that this effect 
could be attributing to the presence of the AA, BB and CC cross peaks. The AA, 
BB and CC cross-peaks which occur along the 2:1 diagonal at !2 = –1158, –1172 
and –1186 ppm, respectively are more intense when ! = 3.2 ms, which indicates 
that these sites are connected through smaller J-couplings. 
 
4.3.3  Optimisation and evaluation of 
119
Sn DFT calculations 
It has been shown in previous work128 detailed in Section 3.3.2, that DFT 
calculations were very successful in aiding the understanding of the 89Y NMR 
spectra of the Y2SnxTi2–xO7 solid solution. However, before the 
119Sn DFT 
calculations can be performed, the validity of using CASTEP to calculate 119Sn 
chemical shifts must first be considered. This can be achieved by comparing 
calculated 119Sn NMR parameters to experimentally measured parameters for a 
range of simple Sn containing inorganic compounds. 
SnO2 was chosen to test the convergence of the DFT calculations. For each of 
the 119Sn and 17O NMR parameters the k-point spacing (controlling the number of 
k-points used) and the values of Ecut required to ensure an accurate result was 
obtained, were investigated. For the calculations of SnO2, a k-point spacing of 
0.03, 0.04, 0.05, 0.07 and 0.09 Å–1 was used, which resulted in 36, 45, 175, 228 
and 539 k-points respectively. In Figure 4.3, 175 k-points (a k-point spacing of 
0.05 Å–1), produces accurate results for reasonable cost. Similarly, when 
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Figure 4.3: Plot showing 17O and 119Sn NMR parameters from CASTEP calculations where the Ecut 
was fixed at 50 Ry and the k-point spacing varied between 0.03 and 0.09 Å–1 (36 and 539 k-
points). 
 
considering Ecut, as shown in Figure 4.4, 50 Ry appears to be more than sufficient 
to ensure accurate results are obtained. 
For the range of compounds shown in Table 4.2, a comparison of the 119Sn 
experimental shift and calculated 119Sn isotropic shielding for SnO2 was used to 
determine the reference shielding value, using !
iso
calc
 =  "
ref
# "
iso
calc( ) . This leads to  
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Figure 4.4: Plot showing 17O and 119Sn NMR parameters from CASTEP calculations where the k-
point spacing was fixed at 0.05 Å–1 (175 k-points) and Ecut was varied between 30 and 70 Ry. 
 
a reference shielding of 2435.4 ppm (as SnO2 has an 
119Sn experimental shift of   
–604.3 ppm). The calculated and experimental chemical shifts can then be 
compared as shown in Figure 4.5a, where they appear to lie on a line with a 
gradient, !, close to the ideal 1:1 and possess, from a linear best-fit line to the 
data, a correlation coefficient, R2, of 0.94. 
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Table 4.2: Calculated, !
iso
calc
 and experimental, ! iso
exp
 
119
Sn isotropic chemical shifts for a range of 
inorganic compounds.
a
 
Compound ! iso
calc  (ppm)  ! iso
exp  (ppm)  
Sn
4+
 compounds   
BaSnO3 
138
 –806 –679 
129
 
Ba2SnO4 
139
 –628 –594 
129
 
CaSnO3 
138
 –611 –612 
129
 
Ca2SnO4 
141
 –521 –546 
129
 
K2SnO3 
142
 –274 –313 
129
 
La2Sn2O7 
123
 –636 –642 
134
 
Sn3N4 
143
 –163 –123 
143
 
 –308 –370 
143
 
SnNb2O6 
144
 –976 –751 
145
 
SnO2 
146
 –604 –604 
129,147
 
SrSnO3 
140
 –665 –641 
129
 
Y2Sn2O7 
123
 –577 –582 
134
 
Sn
2+
 compounds   
SnB4O7 
148
 –1434 –1285 
148
 
SnC2O4 
149
 –971 –879 
150
 
SnHPO4 
150
 –1161 –960 
150
 
SnO 
151
 –369 –208 
147
 
SnSO4 
153
 –1258 –1263 
150
 
Sr2SnO4 
139
 –600 –580 
129
 
a
See original references for a discussion of experimental errors.  
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Figure 4.5: Plot of 
119
Sn experimental shifts, ! iso
exp
, against calculated isotropic chemical shifts, 
!
iso
calc
, for the range of Sn containing compounds listed in Table 4.2. In (a) points from all of the 
compounds are shown while in (b) points from compounds containing Sn
2+
 and Sn
4+
 are shown 
and fitted separately. 
 
As there appears to be some scatter in the data points, further analysis was 
undertaken to determine the origin of any inaccuracy. Figure 4.5b shows a similar 
plot, but with points resulting from Sn
2+
 and Sn
4+
 now shown separately. It can be 
seen that on average, the Sn
2+
 compounds show a larger deviation from the ideal 
gradient than the points resulting from the Sn
4+
 compounds. This suggests that 
there could be a small difference in the accuracy of the calculation of the shielding 
parameters for Sn
2+
 and Sn
4+
. However, this is perhaps to be expected, as it is 
difficult to find the “best” pseudopotential for any specific element as the local 
environments can vary hugely over a range of compounds. Therefore, as each 
compound possesses different atoms they require different pseudopotentials for 
those atoms. The accuracy of these additional pseudopotentials will have some 
effect on the calculation of the 
119
Sn chemical shifts. In particular, barium and 
niobium pseudopotentials, which are less commonly used and therefore perhaps 
not completely evaluated, could be contributing to small inaccuracies in the 
calculation. 
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A second possible source of error could be due to the scalar relativistic effects, 
where these effects on the atoms in the first three rows of the periodic table are 
generally negligible, the fourth row being an intermediate case with the fifth and 
sixth rows generally requiring some form of scalar relativistic correction.
136
 From 
the list of compounds given in Table 4.2, it is apparent that besides Sn, which is 
present in the fifth row, a large number of compounds contain atoms from the 
fourth or sixth rows. As the majority of the scalar effects are concentrated in the 
core electrons, the pseudopotentials are designed to include some scalar relativity, 
therefore perhaps removing the need to perform full relativistic calculations. 
However, when calculating the NMR parameters, no relativistic correction 
currently takes place when GIPAW reintroduces these core electrons. Therefore, 
one such correction, which could be implemented, is known as the zeroth-order 
regular approximation (ZORA) correction.
137
 Although this correction is not 
currently available in the public release of CASTEP, it was suggested by the code 
developers that whilst this correction would likely lead to more accurate absolute 
shieldings, the correction would be applied equally, resulting in little or no, net 
change in the referenced results. Therefore, as Figure 4.5b shows generally good 
agreement for both Sn
2+
 and Sn
4+
, no further investigation was deemed necessary 
at this point. 
 
4.3.4  
119
Sn DFT calculations for the study of disordered pyrochlores 
In a similar manner to previous work using 
89
Y NMR
128
 described in Section 
3.3.2, 
119
Sn NMR parameters for the Y2SnxTi2–xO7 solid solution can be 
investigated using a systematic modification of the B-site NNN environment (to 
each of the 13 different arrangements of Sn and Ti cations) of a central Sn cation 
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Figure 4.6: Plots showing the 
119
Sn calculated isotropic chemical shift, !
iso
calc
, as a function of n Sn 
NNN. In (a) only the chemical shifts of the central Sn cations are shown, from each of the 13 
different unit cells. All of the Sn cations from the 13 unit cells are plotted in (b), which 
additionally contains data taken from previous work.
128
 
 
in a Y2Sn2O7 pyrochlore unit cell. In each case the geometry was optimised, with 
atomic coordinates and unit cell parameters both allowed to vary. 
The calculated 
119
Sn chemical shifts (considering only the central Sn cations), 
are plotted in Figure 4.6a. The introduction of one Ti cation to the NNN B-sites, 
creating a Sn5Ti environment results in an upfield shift of ~7.8 ppm. The 
introduction of an additional Ti cation to form 1,2-Sn4Ti2, 1,3-Sn4Ti2 and 1,4-
Sn4Ti2 environments results in an upfield shift (of ~7 ppm for 1,2-Sn4Ti2, and 
1,4-Sn4Ti2 environments). However, subsequent increases in the number of Ti 
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cations to the NNN B-sites, appears to result in no significant additional decrease 
in the chemical shift. 
In addition to the central Sn cation with the modified NNN environments, there 
are many more Sn cations present in the unit cells used in the DFT calculations. 
Chemical shifts for all Sn cations are plotted in Figure 4.6b, alongside additional 
data from calculations performed for work in Reader et al.
128
 discussed in Section 
3.3.2. Ranges of chemical shifts are now present for each of the NNN 
environments (e.g., over 11 ppm for Sn6). For Sn6 and Sn5Ti NNN environments, 
the chemical shift ranges are fairly separate. However, for Sn4Ti2 to Ti6 NNN 
environments, the chemical shift ranges appear to overlap with those for different 
NNN environments. 
 
4.3.5  Assignment of 
119
Sn NMR spectra 
It was shown in Section 3.3.1 for 
89
Y NMR spectra of Y2SnxTi2–xO7 
pyrochlores that a comparison of the experimental (integrated) intensities to those 
predicted using a simple model, revealed that Sn/Ti cations were randomly 
distributed on the pyrochlore B-sites. Therefore, it should be possible to predict 
the intensity of the resonances expected in the 
119
Sn NMR spectra should this be 
the case. 
The probability of finding n Sn NNN (the intensity of the n Sn NNN 
resonance) for a specific composition of Y2SnxTi2–xO7, assuming that the Sn and 
Ti cations are randomly distributed throughout the B-sites, is given by Equation 
3.1 and discussed in Section 3.3.1. The predicted intensities can be plotted against 
n Sn for each composition of Y2Sn2–xTixO7 as shown in Figure 4.7a. 
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Figure 4.7: (a) Plot of the predicted probabilities P(n Sn) of finding n Sn NNN, derived from a 
simple statistical model, for Y2SnxTi2–xO7 with x = 2.0, 1.6, 1.2, 0.8 and 0.4. (b) Plot of the 
experimental signal intensities from the 
119
Sn NMR spectra in Figure 4.1a labelled A to C, from 
highest to lowest chemical shifts respectively. (c) Plot of predicted probabilities P(n Sn) as in (a) 
but with those for n = 4, 3, 2, 1 and 0 Sn NNN shown summed together. 
 
Each of the 
119
Sn NMR spectra in Figure 4.1a were fitted with Dmfit
133
 and the 
intensities of the resonances labelled A to C, from highest to lowest chemical 
shifts respectively, are plotted in Figure 4.7b. The spectrum of Y2Sn1.6Ti0.4O7 
shows the presence of three resonances spaced ~7 ppm apart, where the 
experimental intensities of these three resonances show a good agreement to the 
predicted intensities shown in Figure 4.7a. The experimental intensities of the 
resonances in Y2Sn1.2Ti0.8O7 however, look markedly different from the predicted 
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intensities, with similar discrepancies occurring for Y2Sn0.8Ti1.2O7 and 
Y2Sn0.4Ti1.6O7. 
To explain these discrepancies, 
119
Sn DFT calculations discussed previously 
and shown in Figure 4.6b can be utilised. As the Ti content of the local B-site 
NNN environment is increased, there is no subsequent upfield shift once a 
particular Ti content (Sn4Ti2) is reached. Therefore, it could be expected that 
there will be up to three resonances in the 
119
Sn NMR spectra, with the first two 
resulting from Sn6 and Sn5Ti environments and the third containing signals from 
the remaining Sn4Ti2 to Ti6 environments. Therefore, the predicted intensities for 
the n Sn NNN environments in Figure 4.7a can be summed in this manner to 
produce predicted intensities for three resonances, labelled A to C, as shown in 
Figure 4.7c. Although clearly a significant simplification, relatively good  
agreement between the experimental intensities and the summed predicted 
intensities is observed. This result appears to confirm that found for 
89
Y, i.e., that 
the Sn and Ti cations are randomly distributed throughout the pyrochlore B-sites. 
 
4.3.6  Upfield and downfield shifts in 
119
Sn NMR spectra 
It was shown previously for 
89
Y NMR of Y2SnxTi2–xO7 and discussed in 
Section 3.3, the 
89
Y chemical shift was influenced by two factors. First, an upfield 
shift as the number of more polarising Ti cations in the B-site NNN environment 
was increased and second, a smaller downfield shift resulting from the decrease in 
the unit cell size, which led to a subsequent decrease in the average Y-O48f bond 
lengths and increase in the average Y-O8b bond lengths. 
When examining the 
119
Sn NMR spectra shown in Figure 4.1, in addition to the 
upfield shift observed when the Ti content of the B-site NNN environment is 
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Figure 4.8: (a) Plot of the calculated 119Sn chemical shift as a function of the average unit cell 
length, determined from DFT calculations for Y2Sn2O7 with fixed unit cell lengths of 10.18 and 
10.48 Å. (b) Plot of the calculated chemical shifts, !
iso
calc , against the average unit cell length, where 
the data points were obtained from the series of calculations found in Figure 4.6b. 
 
increased, it is apparent that for the Sn6 resonance there is a downfield shift of 3.3 
ppm from Y2Sn2O7 to Y2Sn1.6Ti0.4O7 and 2.5 ppm from Y2Sn1.6Ti0.4O7 to 
Y2Sn1.2Ti0.8O7. Therefore, as for the 
89Y NMR, it is possible that this downfield 
shift might be related to the unit cell length and changes in the Sn-O48f bond 
lengths. (Note, there are no Sn-O8a bonds owing to the oxygen vacancies in the 
structure.) 
To confirm that the 119Sn chemical shifts move downfield as the unit cell size 
decreases, two DFT calculations were carried out for Y2Sn2O7, where the unit cell 
lengths were fixed at 10.18 and 10.48 Å. After geometry optimisation of the 
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Figure 4.9: Using the series of calculations found in Figure 4.6b, the following plots were created. 
(a) The average Sn-O48f bond length as a function of the average unit cell length. (b) The 
119
Sn 
calculated chemical shift, !
iso
calc
, as a function of the average Sn-O48f bond length. 
 
atomic coordinates, NMR parameters were calculated. The results, shown in 
Figure 4.8a, demonstrate that there is a clear downfield shift as the cell size is 
decreased. To investigate the relationship of the 
119
Sn chemical shifts with the unit 
cell size for the Y2SnxTi2–xO7 solid solution, the series of calculations used in 
Figure 4.6b were used to plot the 
119
Sn chemical shifts as a function of the average 
unit cell size, shown in Figure 4.8b. It can be seen that for each type of B-site 
NNN environment, there is a similar downfield shift as the unit cell size 
decreases, which also appears to be more prominent for the Sn rich B-site NNN 
environments. 
 
  
Sn6
Sn5Ti
1,2-Sn4Ti2
1,3-Sn4Ti2
1,4-Sn4Ti2
1,2,3-Sn3Ti3
1,2,4-Sn3Ti3
1,3,5-Sn3Ti3
1,2-Sn2Ti4
1,3-Sn2Ti4
1,4-Sn2Ti4
SnTi5
Ti6
2.05
2.06
2.07
2.08
10.2 10.3 10.4 10.5
Sn6
Sn5Ti
1,2-Sn4Ti2
1,3-Sn4Ti2
1,4-Sn4Ti2
1,2,3-Sn3Ti3
1,2,4-Sn3Ti3
1,3,5-Sn3Ti3
1,2-Sn2Ti4
1,3-Sn2Ti4
1,4-Sn2Ti4
SnTi5
Ti6
!565
!570
!575
!580
!585
!590
!595
2.05 2.06 2.07 2.08
!Sn-O48f bond length" / Å
!S
n-
O
48
f"
 b
on
d 
le
ng
th
 / 
Å
!
is
o 
 (
pp
m
)
ca
lc
(a)
(b)
!Unit cell length" / Å
4.4 
17
O NMR investigation of Y2SnxTi2–xO7 
 
! 81 
As the chemical shift is dependent upon the local geometry, it is possible that 
the decrease in the unit cell size is altering the geometry in some way, which 
could explain the trends observed. When plotting the dependence of the average 
Sn-O48f bond lengths upon the average unit cell length as shown in Figure 4.9a, it 
is apparent that the Sn-O48f bond lengths change very little as the unit cell size 
decreases. Although the change is small, a decrease in unit cell size appears to 
result in a decrease in the Sn-O48f bond length. Therefore, as a decrease in the 
average unit cell size results in a decrease in the Sn-O48f bond lengths and a 
downfield shift, it is clear that a decrease in the Sn-O48f bond lengths will result in 
a downfield shift. To confirm this link, the calculated chemical shifts are plotted 
as a function of the average Sn-O48f bond length in Figure 4.9b. Although the data 
for each type of B-site NNN environment are fairly scattered, most likely due to 
the small decrease in the Sn-O48f bond lengths, there is evidence of a small 
downfield shift as the Sn-O48f bond lengths decrease. 
 
4.4  
17
O NMR investigation of Y2SnxTi2–xO7 
4.4.1  Introduction and previous studies 
As previously stated in Section 4.1 and shown in Table 4.1, 
17
O is a difficult 
nucleus to study by NMR, owing to its extremely low natural abundance. In some 
cases, it may be possible to use cross polarisation to enhance the 
17
O signal 
intensity.
154,155
 However, this is of course not possible in the unprotonated 
Y2SnxTi2–xO7 solid solution. Therefore, in unprotonated compounds, rotor-assisted 
population transfer, RAPT
156
 and CPMG can be used in conjunction to increase 
the signal intensity.
155 
However, a more significant enhancement of the signal 
intensity can be obtained through 
17
O isotopic enrichment.
157
 Kim et al.
158
 
obtained uniform 
17
O enrichment of Y2Sn2O7, Y2Sn0.8Ti1.2O7 and Y2Ti2O7 at 
moderate cost by heating the samples in sealed vials filled with 
17
O-enriched gas. 
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In the 
17
O NMR spectra of 
17
O-enriched Y2Sn2O7, Y2Sn0.8Ti1.2O7 and Y2Ti2O7, the 
sharp resonance at 385 ppm was assigned to O8b, and the resonances at 455, 290 
and 160 ppm are assigned to O48f with Y2Ti2, Y2SnTi and Y2Sn2 coordination 
environments respectively. The CQ for the O8b environment was determined to be 
0.3 MHz, and those for O48f with Y2Ti2, Y2SnTi and Y2Sn2 environments were 
found to be 0.7, 3 and 3 MHz, respectively. As expected, there is a relatively 
small quadrupolar coupling for O8b, which is present in a highly symmetrical 
tetrahedral environment (Y4) and a comparatively larger quadrupolar coupling for 
O48f, which exists in a distorted or bent tetrahedral environment. The magnitude of 
CQ for the O48f cations was stated to be more sensitive to the ionic character of the 
M-O bond and less sensitive to the coordination geometry, with larger 
quadrupolar couplings found as the ionic character of the M-O bond decreased.
158 
 
4.4.2  
17
O NMR spectra 
17
O NMR spectra of 
17
O-enriched and non-enriched Y2Sn0.8Ti1.2O7 are shown 
in Figures 4.10a and 10b, respectively. The benefits of 
17
O enrichment are 
immediately apparent, with negligible signal intensity found for the natural 
abundance sample. For O8b with a Y4 coordination environment, CQ was 
determined to be ~0.3 MHz, whereas for O48f in Y2Ti2, Y2Sn2 and Y2SnTi 
environments, CQ was ~0.9, ~3 and ~3.5 MHz respectively, broadly consistent 
with the results from Kim et al.
158
 As, in principle, a small distribution of NMR 
parameters might be expected to be present, owing to the disordered nature of the 
materials, the values represent an estimate of the average magnitude of the 
interaction. 
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Figure 4.10: 17O (14.1 T) MAS NMR spectra of (a) 17O enriched (b) and natural abundance 
Y2Sn0.8Ti1.2O7. Spectra are a result of averaging 14000 transients with a recycle interval of 5 s and 
a MAS rate of 10 kHz. 
 
4.4.3  
17
O DFT and point charge calculations  
The assignment of the 17O NMR spectra and the relationship of the 17O 
isotropic chemical shift and CQ to the local environment can be determined 
through the use of DFT calculations. In a previous study on a range of O 
containing compounds,159 a k-point spacing of 0.05 Å–1 and cut-off energy of 50 
Ry were deemed appropriate for accurate 17O calculations and a reference 
shielding value of 258 ppm was determined using !-SiO2. The series of 
calculations for the 13 different NNN environments described in the study of the 
119Sn NMR spectra in Section 4.3.4, were also used to extract 17O NMR isotropic 
shifts and CQs that are plotted for the four different environments in Figure 4.11. 
For O8b in the symmetrical tetrahedral environment a small average CQ of 0.2 
MHz is obtained, while larger average values of 0.9, 2.7 and 3.5 MHz are 
obtained for O48f in the bent tetrahedral Y2Ti2, Y2SnTi and Y2Sn2 environments, 
respectively. An average chemical shift of 441 ppm is observed for O8b, whilst for 
O48f, the average chemical shift increases from 226 to 359 and finally to 537 ppm 
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Figure 4.11: Plot of calculated 
17
O chemical shift against CQ for O8b in a Y4 environment and O48f 
in Y2Ti2, Y2SnTi and Y2Sn2 environments. 
 
as the Ti content of the Y2B2 local environment increases. The ranges of 
chemical shifts observed are ~7, 21, 51 and 85 ppm for Y4, Y2Sn2, Y2SnTi and 
Y2Ti2 environments respectively. This is consistent with the local structure, with 
O8b in the Y4 tetrahedral environment having the smallest range of chemical 
shifts, whereas O48f in the bent tetrahedral environments exhibit larger chemical 
shift ranges owing to the larger freedom of movement of the O48f anion. It is also 
likely that the Y2Ti2 environment exhibits a larger range of chemical shifts 
compared with Y2Sn2, owing to the decreasing size of the surrounding B-site 
cations and, therefore, an increase in the flexibility of the local geometry. 
Larger CQs were found for Y2Sn2 environments in comparison with O in 
Y2Ti2 environments, although this is consistent with what would be expected 
based upon the magnitude of the electronegativity of the B-site cations it could 
also be related to the local geometry. Kim et al.
158
 inferred that there was no 
dominant link between the local geometry and the CQ observed and that CQ 
appeared to be mainly dependent upon the ionic character of the M-O bonds. To 
confirm the assessment made by Kim et al., a point charge calculation was carried 
out. Using the coordinates and charges of a cluster of atoms, point charge 
calculations can be used to provide an estimate of the electric field gradient on a 
Y2Ti2
Y4
Y2SnTi
Y2Sn2
0
1
2
3
4
100200300400500600
!iso  (ppm)
calc
C
Q
  
 /
 M
H
z
c
a
lc
4.4 
17
O NMR investigation of Y2SnxTi2–xO7 
 
! 85 
central atom. Therefore, using Equation 2.39, an estimation of the CQ can be 
determined. A more detailed description of point charge calculations is given in 
Johnston et al.
160
 The CQ of a central oxygen anion was determined in a small 
cluster consisting of the central oxygen anion and its nearest neighbour cations 
(two Y cations and two B-site cations). The ratio of the CQ determined from the 
point charge calculation for the Y2Sn2 and Y2Ti2 environments was 0.8, in 
comparison to the experimentally measured ratio of 3.3. This shows that the large 
change in the magnitude of the CQ does not appear to be due, solely to changes in 
geometry and must, therefore, be influenced more by the ionic or covalent nature 
of the bonding. 
 
4.4.4  
17
O NMR conclusions 
The calculated chemical shifts, chemical shift ranges and CQs for the different 
oxygen coordination environments are consistent with the experimentally 
measured parameters of Y2Sn0.8Ti1.2O7 and those obtained by Kim et al. This, 
both confirms the assignment, and verifies that the calculated NMR parameters 
from CASTEP can be used as an aid for spectral assignment. Point charge 
calculations have also confirmed that the magnitude of the 
17
O CQ is primarily due 
to the nature of the O-X bonds (i.e., whether covalent or ionic in character) with a 
lesser dependence upon the local geometry. 
Unfortunately, due to the need for 
17
O isotopic enrichment, a full study of 
17
O 
NMR has not been carried out. However if the samples were enriched, as the 
resonances are well separated, it could be a useful technique for the study of 
Y2SnxTi2–xO7 or for more complicated systems. 
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4.5  
47/49
Ti NMR investigation of Y2SnxTi2–xO7 
4.5.1  Introduction and previous studies 
The acquisition of 
47/49
Ti NMR spectra has been stated to be difficult, due to 
the low gyromagnetic ratios, large quadrupolar couplings and overlapping 
lineshapes arising from the two isotopes. The recent development and availability 
of high field magnets has made spectral acquisition for these difficult nuclei more 
feasible, as at higher field strengths, the sensitivity will increase and the second-
order quadrupolar broadening will decrease. It must be noted that in most cases 
the quadrupolar coupling is so large that MAS is not feasible, therefore static 
spectra must be acquired in most cases for 
47/49
Ti NMR. Padro et al.
131
 took 
advantage of this development with an investigation into a range of titanium 
bearing compounds. However, when acquiring the 
47/49
Ti spectrum of Y2Ti2O7, 
only the narrower 
49
Ti lineshape was acquired with significant distortions present, 
due to the limited excitation bandwith of the probe. For this lineshape, the 
isotropic shift was found to be –30 ppm with a CQ of 24 MHz and !Q of 0. 
To achieve a significant increase in the signal-to-noise, the CPMG sequence as 
detailed in Section 2.4.2, was used, with central-transition selective "/2 and " 
pulses. This approach is sometimes referred to as quadrupolar CPMG or QCPMG. 
For cases where the rf nutation rate is much greater than the quadrupolar splitting 
parameter 
 
!
1
 !  !
Q , non-selective (or ‘hard’) pulses are obtained which affect 
all transitions in the spectrum equally, and the nutation rate is !
1
. When 
 
!
1
 !  !
Q , central-transition selective (or ‘soft’) pulses are produced with a 
nutation rate of I +1/ 2( )!
1
. 
The acquisition of the 
47/49
Ti NMR spectrum of SrTiO3, which has no 
quadrupolar coupling, enables the measurement of an inherent " pulse (24 µs) in 
the 
 
!
1
 !  !
Q  regime at the maximum rf power of 21 kHz. Owing to the 
extremely large 
47/49
Ti quadrupolar couplings present in Y2Ti2O7, with rf powers 
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of 21 kHz, 
 
!
1
 !  !
Q  and therefore for 
47
Ti (I = 5/2) the nutation rate is 3 times 
faster producing !/2 pulses of 4 µs, and for 
49
Ti (I = 7/2) the nutation rate is 4 
times faster producing !/2 pulses of 3 µs. As it is impossible to implement CPMG 
with pulses optimised for both isotopes, pulses for the 
49
Ti lineshape were used 
similar to the approach of Padro et al.
131
 
Owing to the large quadrupolar broadened lineshapes, typically expected for 
47/49
Ti, it would be impossible to fully excite the entire lineshape using 
conventional methods. Therefore, some form of broadband excitation pulses such 
as wideband uniform rate smooth truncation (WURST)
161
 may be used, or 
alternatively, a stepwise acquisition procedure known as variable offset 
cumulative spectrum (VOCS).
162
 It is also possible to use a combination of the 
two methods. However, attempts with WURST-CPMG resulted in a noticeable 
distortion in the intensity of the low frequency singularity, and therefore 
broadband excitation methods were not implemented and spectra were acquired 
using the frequency stepped VOCS approach. 
A final point of interest is the fairly recent paper by Larsen et al.
163
 in which a 
procedure to suppress the 
47
Ti resonances and acquire only the 
49
Ti resonances (or 
vice versa) through careful calibration of the rf pulses. Unfortunately, this was not 
possible in the current work, due to time constraints, but does perhaps offer some 
potential for future use. 
  
4.5.2  
47/49
Ti NMR spectra 
Using a VOCS-CPMG approach to acquire the 
49
Ti NMR spectra of Y2Ti2O7, 
the offset frequency was incremented in steps of 116 kHz. Each of the eight 
spectra acquired, and shown in Figure 4.12a, were summed to reveal the narrower 
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Figure 4.12: 
49
Ti (14.1 T) static CPMG spectra of Y2Ti2O7. Each of the eight spectra were the 
result of averaging 50144 transients with a recycle interval of 1 s. Each of the spectra were 
acquired with offset frequencies between 288 and –524 kHz in steps of 116 kHz, resulting in eight 
spectra (a), which were co-added to produce the final spectrum in (b). Simulated lineshapes using 
the calculated NMR parameters for Y2Ti2O7 are shown in (c). 
 
49
Ti and the larger 
47
Ti lineshapes as shown in Figure 4.12b. As each of the 
spectra took 18 hours to acquire, the final (summed) spectrum took a total of 144 
hours to acquire. Owing to the similar Larmor frequencies of 
47
Ti and 
49
Ti, 
lineshapes for the two nuclei often appear in the same spectrum. In general, 
(a)
(b)
(c)
15000 10000 5000
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resonances for 47Ti are found approximately 9 kHz upfield from those for 49Ti. In 
this work, the spectra are referenced using the 49Ti resonance of SrTiO3 (at 0 
ppm), following the convention of Bastow et al.130 The resulting ppm scale refers, 
therefore, to 49Ti only. From Figure 4.12b, the 49Ti NMR parameters of Y2Ti2O7 
were determined as !iso = –30 ppm, CQ = 24 MHz and "Q = 0. The CQ extracted 
for the 47Ti resonance is 29.3 MHz, reflecting the larger quadrupole moment, the 
different spin quantum number, I, and the differing A4(I,q) as shown in Equations 
2.42 and 2.45. The 49Ti parameters are consistent with those reported by Padro et 
al.
131 When examining the intensities of the singularities of 49Ti and 47Ti 
lineshapes, it is apparent that the 49Ti lineshape is relatively undistorted, whereas 
the 47Ti lineshape exhibits some distortion. It is possible that these distortions 
arise from the flip-angle mis-set for the (I = 5/2) 47Ti nucleus. 
 
4.5.3  
47/49
Ti DFT calculations 
In a previous study of a range of Ti containing compounds,159 a k-point spacing 
of 0.05 Å–1 and cut-off energy of 50 Ry were deemed appropriate for accurate 
47/49Ti calculations and a reference shielding value of –249.5 ppm was determined 
from calculations on TiO2. 
A DFT calculation performed for Y2Ti2O7 revealed the 
49Ti NMR parameters 
are !iso = –15, CQ = 22.1 and "Q = 0. Using the relationship between the 
quadrupole moment and Larmor frequencies for the two isotopes, the 
corresponding NMR spectrum for 47Ti can also be simulated. A 47/49Ti spectrum 
simulated using the calculated parameters is shown in Figure 4.12c, and is in good 
agreement with the experimental spectrum in Figure 4.12b. 
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Figure 4.13: Plots showing the calculated 
49
Ti (a) isotropic chemical shift and (b) CQ as a function 
of n Sn NNN. Data points were taken from Y2Sn2O7 and Y2Ti2O7 based unit cells discussed in a 
previous study detailed in Section 3.3.2.
128
 
 
For the Y2SnxTi2–xO7 solid solution, it is possible to utilise the Y2Sn2O7, 
Y2SnTiO7 and Y2Ti2O7 based DFT calculations from previous studies
128
 detailed 
in Section 3.3.2 and extract the 
47/49
Ti NMR parameters. 
49
Ti !iso and CQ for each 
of the Ti cations are plotted as a function of the n Sn NNN in Figure 4.13. The 
ranges of !iso present for the different B-site NNN environments are relatively 
small and in many cases overlap with those of similar NNN environments. It is 
clear that the CQ lies between 25 and 30 MHz for all of the B-site NNN 
environments and is not a good measure of detailed local structure. 
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4.5.4  
47/49
Ti NMR conclusions 
Although it was shown that the 
47/49
Ti NMR spectra of Y2Ti2O7 can be 
acquired using VOCS-CPMG, the total experimental time (144 hours) is fairly 
time consuming. Additionally, for the other members of the Y2SnxTi2–xO7 solid 
solution that have progressively lower proportions of Ti, the experimental time 
would eventually become unfeasibly long.  
DFT calculations show that for the different B-site NNN environments, the 
chemical shifts observed for different NNN environments have significant overlap 
and the CQs are all between 25 to 30 MHz. Therefore, it would be extremely 
difficult to deconvolute the lineshapes from each of the different B-site NNN 
environments and gain any detailed information about B-site cation ordering. 
 
4.6  Conclusions 
In this chapter alternatives to 
89
Y, for NMR investigation of the Y2SnxTi2–xO7 
pyrochlore solid solution have been considered. 
119
Sn is a more favourable 
nucleus to study by NMR than 
89
Y, owing to its shorter relaxation times and 
higher sensitivity, despite a lower natural abundance. However, in contrast to 
previous 
89
Y NMR results, 
119
Sn NMR spectra exhibit broad overlapped 
resonances. Using DFT calculations, the range of chemical shifts for 
119
Sn with 
different n Sn NNN were predicted, aiding the interpretation of the experimental 
spectra. Whilst distinct resonances for environments with different n Sn NNN 
were found in 
89
Y NMR spectra, for 
119
Sn, these resonances are in many cases 
overlapping, with similar chemical shifts. A good match between experiment and 
theory was obtained, when considering a random distribution of B-site cations, 
and summing predicted intensities for some of the NNN environments. 
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The origin of both upfield and downfield 
119
Sn shifts upon substitution of Ti 
was also investigated using DFT calculations, and a clear link between the unit 
cell size and the chemical shift was discovered. It was shown that for a specific 
type of NNN environment, the 
119
Sn resonance is shifted downfield as the unit cell 
size contracts. Therefore, the 
119
Sn chemical shift will be dependent on both its 
immediate B-site NNN environment, and upon the overall unit cell size. 
The two other nuclei present in these materials, 
17
O and 
47/49
Ti, were also 
investigated through NMR and DFT calculations to assess the feasibility of their 
application. The 
17
O MAS NMR spectra show that providing the materials were 
enriched in 
17
O, spectra can be acquired with excellent signal-to-noise ratios in a 
relatively short period of time. The DFT calculations confirm that each of the four 
different O sites can be identified by the values of chemical shift and/or CQ. 
However, although the 
47/49
Ti NMR spectrum of Y2Ti2O7 was able to be acquired 
over the period of a few days, further study of the Y2SnxTi2–xO7 solid solution 
using 
47/49
Ti NMR would probably not provide any additional information about 
the environment of the Ti cation, due to the small chemical shift range and 
identical CQs for the different B-site NNN environments. 
In conclusion, of the NMR active nuclei in the Y2SnxTi2–xO7 pyrochlores, 
89
Y 
and 
17
O NMR are the most useful as the spectra contain well resolved resonances 
for each of the different types of local environments. In contrast interpretation of 
119
Sn NMR spectra is more challenging owing to the increased overlap of the 
resonances as the Ti content of the pyrochlore is increased. Finally, 
47/49
Ti was 
shown to not only be the most challenging nucleus to study, but also that little 
information could be extracted.  
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  5  
 Application of the 2D CSA amplified-
PASS (CAPASS) experiment to 
89
Y NMR  
  
 
 
5.1  Introduction 
The chemical shielding interaction is one of the most informative and useful 
probes of the local environment in NMR spectroscopy.
164,165
 The analysis and 
assignment of the 
89
Y and 
119
Sn NMR spectra of Y2SnxTi2–xO7 pyrochlores in 
previous chapters was carried out using just one part of the interaction, the 
isotropic chemical shift, !iso. Although information on the anisotropy or 
orientation dependence of the chemical shielding interaction is also available, it is 
typically removed under fast MAS, used to improve the resolution of solid-state 
NMR spectra. Therefore, alternative slow MAS or static experiments are required 
to measure the span and skew, which describe the magnitude and shape of the 
chemical shielding anisotropy, respectively. 
Slow MAS spectra have the advantage of significantly better signal-to-noise 
compared with spectra acquired under static conditions. However, in complex 
systems containing multiple environments, there could be significant overlap of 
each of the respective spinning sideband manifolds in such experiments. 
Therefore, as the deconvolution of these complex spectra will be difficult, a 
technique to alleviate this problem is required. 
The “phase adjusted spinning sidebands” (PASS) experiment developed by 
Dixon,
166,167
 uses a sequence of four ! pulses to generate a spectrum with 
sidebands of different phases, where the angle of the phase given to each 
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Figure 5.1: A schematic representation of the PASS experiment
166,167
 can use constructive or 
destructive addition to remove specific sidebands according to their order. Two FIDs with 
different phases and the corresponding Fourier transformed spectra are shown in (a) and (b), with 
the addition of these spectra shown in (c). 
 
sideband, k, is equal to k! , where !  is known as the pitch. Through the 
summation of a set of spectra with specifically chosen pitches, sidebands of 
specific order, k, can be added constructively, while all others add destructively. 
A schematic diagram of this procedure is shown in Figure 5.1a where a FID with 
a particular phase is Fourier transformed to achieve positive spinning sidebands 
and a positive isotropic peak. Figure 5.1b shows a FID acquired with a different 
phase that results in negative spinning sidebands and a positive isotropic peak. 
The summation of these two spectra is shown in Figure 5.1c, where it can be seen 
that the spinning sidebands are removed, whilst the isotropic peak has increased in 
intensity. When generating different values of pitch, the timings of the four !-
pulses and more importantly the point in time at which the final echo is formed 
are varied. As a result of transverse (T2) relaxation, the intensity of the spectra will 
vary slightly depending on the value of the pitch required. Therefore, when co-
adding spectra with different values of pitch, the intensities of the sidebands will 
be slightly different and as a result, complete removal of spinning sidebands will 
not be possible. 
 
(a)
(b)
(c)
FT
FT
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This approach was subsequently improved by Antzutkin et al.
168
 through the 
use of an additional fifth ! pulse, enabling the generation of “constant-time” 
PASS sequences. This led to the development of the 2D PASS experiment, where 
each row of the 2D data set is acquired with a specific pitch, which is sequentially 
incremented from 0 to 2!. Therefore, after a double Fourier transformation, the 
sidebands are separated by order in the indirect dimension of the spectrum. 
However, measuring the anisotropy with any experiment that utilises slow MAS 
has certain disadvantages. In some cases, to obtain enough sidebands for accurate 
measurement of the anisotropy, the slow MAS rates required cannot be achieved 
or maintained with a high degree of mechanical stability. Homonuclear dipolar 
couplings may also be present at slow MAS rates for nuclei with high ! (assuming 
heteronuclear dipolar couplings can be removed if necessary using decoupling) 
which perturb the intensities of the sidebands, preventing an accurate 
measurement of the anisotropy. 
A final improvement to 2D PASS was the implementation of cogwheel phase 
cycling
169
 by Ivchenko et al.
170
 As PASS utilises multiple " pulses which are 
synchronised with the rotor period, the experiment is sensitive to spinning 
instabilities, pulse miscalibrations and B1 inhomogeneity. Although composite 
pulses
171,172
 could reduce the effects of the pulse imperfections, it is more 
common to apply phase cycling to the " pulses. Cogwheel phase cycling has the 
advantage of drastically reducing the number of phase cycling steps required in 
the experiment, resulting in significantly shorter possible experimental times.  
The 2D CSA-amplified PASS (denoted CAPASS in this work) experiment 
shown in Figure 5.2a, developed by Orr et al.,
173
 is a modification of the 2D 
PASS experiment, in which the anisotropy is amplified by a scaling factor, N, in 
the indirect dimension. The scaling factor is generated by choosing the specific 
timings for the five " pulses which are placed within the time period, T, for the 
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Figure 5.2: (a) Pulse sequence for CAPASS, where the initial !/2 pulse generating transverse 
magnetisation is shown in black, the five PASS ! pulses are shown in grey and the intermediate ! 
pulse which join the PASS blocks is shown in purple. (b) The five PASS ! pulse timings are 
shown for the period T =  4!
r
, for the values of !  which are incremented from 0 to 2!. These 
particular timings lead to a scaling factor, N, of 2.5. (c) A simulated 
89
Y CAPASS spectrum where 
" = 595 ppm and # = 1 using ideal pulses and a magnetic field strength of 14.1 T. The MAS rate 
of 10 kHz was scaled by using two PASS blocks (with N = 2.5) as shown in (a) and (b) giving 
N
T
 =  5 , and therefore a MAS rate in the indirect dimension of 2 kHz. 
 
values of the pitch which are incremented from 0 to 2! . This is shown in Figure 
5.2b for N = 2.5. For a specific scaling factor, the timings of the five ! pulses can 
be calculated by the CAPASS equations 
 
0 =  N ! 2 !Nexp !im"{ }! 2 !1( )
p
exp im# rt
p( )( )
p=1
5
$
%
&
'
('
)
*
'
+'
,
 
(5.1) 
where m = ±1, ±2 if the condition !seq  =  0  is met, where  
 
!seq  =  T " 2 "1( )
p"5
t
p( )  =  0
p=1
5
# .
 
(5.2) 
Typically, !  is incremented from 0 to 2! in steps of 16 or 32, and T =  4!
r
 to 
avoid pulse overlap within the sequence. For five ! pulses this leads to solutions 
–250 –5000250500
! (ppm)
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t2
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of the pulse timings resulting in 2 !  N !  3.4 . Further discussion of the theory 
of CAPASS is given in Appendix D. 
The PASS blocks of five ! pulses can be concatenated through an additional ! 
pulse (shown in purple in Figure 5.2a) to achieve higher scaling factors, with the 
total scaling factor given by N
T
 =  n
PASS
+1( )N , where nPASS  is the number of 
additional repetitions used. Therefore, the resulting sideband manifold appears as 
if the MAS rate has been reduced by a factor of 1/N, resulting in a spectrum in the 
indirect dimension with a much lower apparent MAS rate than that used in the 
direct dimension. This can be seen in the simulation in Figure 5.2c, where the 
MAS rate in the direct dimension of 10 kHz has been scaled N
T
 =  5( )  to 
produce an apparent MAS rate in the indirect dimension of 2 kHz, and, therefore, 
a greater number of sidebands in the manifold. This enables the use of fast MAS 
to achieve high resolution and sensitivity, whilst improving the accuracy with 
which anisotropic interactions can be measured.  
Although CAPASS has been successfully implemented for a number of 
organic and inorganic compounds using 
13
C and 
31
P NMR,
173,174
 it use has not yet 
been applied for 
89
Y or 
119
Sn NMR. The use of 
119
Sn CAPASS is anticipated to be 
relatively straightforward due to its high receptivity, relatively short T1 relaxation 
times and high rf field strengths, similar to 
31
P NMR. However, the application to 
89
Y might be expected to be hindered by a number of potential issues. Firstly, the 
low receptivity and long T1 relaxation times of 
89
Y will result in extremely long 
experimental times to obtain reasonable signal-to-noise levels. Secondly, the 
inherently low gyromagnetic ratio will lead to a limitation of the rf field strength 
which can be easily obtained which could negatively affect the performance of the 
CAPASS experiment. This chapter will first aim to assess the accuracy with 
which the 
89
Y CSA parameters can be measured using slow MAS experiments, 
before assessing the feasibility of 
89
Y CAPASS and the accuracy of parameters 
extracted using this approach. 
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5.2  Experimental parameters 
5.2.1  NMR spectroscopy 
All spectra were acquired using a Bruker AVANCE III 600 MHz spectrometer 
equipped with a 14.1 T widebore magnet, at a Larmor frequency of 29.408 MHz 
for 
89
Y and 223.79 MHz for 
119
Sn. 
89
Y NMR experiments were carried out using a commercial “low-!” 4 mm HX 
probe with a rf field strength of 23 kHz. Samples were packed into 4 mm Si3N4 
rotors to avoid any potential Y background signal, which would be present in a 
conventional ZrO2 rotor. Chemical shifts are given in ppm relative to the primary 
reference 1 M YCl3 (aq), measured using a secondary solid reference of Y2Ti2O7 
at 65 ppm.
122
 
119
Sn NMR experiments were carried out using a commercial 4 mm HX probe 
with rf field strengths between 11 and 111 kHz. Samples were packed into 
conventional 4 mm ZrO2 rotors. Chemical shifts are given in ppm relative to the 
primary reference (CH3)4Sn (l), measured using a secondary solid reference of 
SnO2 at –604.3 ppm.
129
 
For 
89
Y and 
119
Sn NMR experiments, preacquisition delays of 80 and 10 µs 
respectively, were used. Fitting of the experimental spinning sideband manifolds 
was carried out using SIMPSON
16
 by comparison either to a 1D spectrum, 
simulated using ideal pulses or to a simulated CAPASS experiment, simulated 
using the rf field strength and pulses evaluated from the experiment. The rms error 
quoted is that from SIMPSON, as described in the SIMPSON manual.
175
 Other 
relevant experimental parameters are detailed in the text, tables and figure 
captions. 
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5.2.2  Sample preparation 
The Y2SnxTi2–xO7 samples prepared by Dr Karl Whittle were formed by 
grinding together stoichiometric amounts of Y2O3 (Aldrich 99.5%), SnO2 (Alfa-
Aesar, 99.5%) and TiO2 (Alfa-Aesar 99.9%) in an agate ball mill using acetone as 
the mobile phase. The resultant powders were then pressed into pellets using a 
uniaxial press, heated at 1500 °C for 48 hours (at a ramp rate of 10 °C min
–1
), 
cooled, reground, repressed and heated for a further 96 hours at 1500 °C. 
 
5.3  Results and discussion 
5.3.1  Accuracy of the measurement of the CSA using 
89
Y slow MAS 
experiments 
Before considering the measurement of the CSA using CAPASS, it is first 
useful to consider the accuracy with which this can be measured from simple slow 
MAS spectra. As 
89
Y NMR suffers from low receptivity, slow MAS spectra are 
preferred over static spectra due to the increase in the overall peak height intensity 
in the NMR spectrum. Therefore, similarly, a low number of spinning sidebands 
would be preferred in such experiments as this would lead to a higher overall peak 
intensity. However, as the MAS rate is increased and the number of spinning 
sidebands decreases, the accuracy with which the CSA can be measured will 
decrease. Therefore, it is important to understand the limitations of the 
measurement of the CSA from slow MAS spectra. 
In previous work, Hodgkinson and Emsley
127
 carried out an investigation to 
determine the accuracy with which the reduced anisotropy, !, and asymmetry, ", 
of the shielding (defined in Equations 2.29 and 2.31 respectively) could be 
measured from both slow MAS and static NMR spectra. For slow MAS spectra it 
was found that the most accurate measurement of ! (for 0.1 < ! < 1.0) required ~5 
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sidebands; however when ! < 0.1, over 20 sidebands were required. Accurate 
measurement of ! for 0.3 < ! < 1.0 required 6-10 sidebands, but for ! < 0.3, a 
significantly larger number of sidebands were required. Comparing the accuracy 
of NMR parameters obtained from MAS spectra and spectra of static samples, the 
anisotropy (for all values of asymmetry) was significantly more reliably measured 
at moderate MAS rates than under static conditions. Conversely, it was found that 
the asymmetry was significantly more reliably measured when ! < 0.2 and 
marginally more reliably measured for ! > 0.2 in static rather than MAS 
experiments. 
To support the theoretical analysis performed by Hodgkinson and Emsley, a 
similar experimental investigation using 
89
Y NMR has been undertaken. This will 
enable a more relevant assessment of the accuracy of the measurement of the 
CSA, for nuclei with much lower sensitivity. A series of 
89
Y NMR spectra were 
acquired for Y2Ti2O7 with MAS rates from 1.5 to 14 kHz and are shown in Figure 
5.3.  
To obtain an idea of the confidence in the fits, contour plots describing the rms 
error associated with the fit were created. To create these contour plots, a range of 
fits were carried out with fixed values of ! and " (but varying intensity) to 
determine how the rms error varied. As the rms deviation is technically a limitless 
parameter, it has been arbitrarily terminated in the plots shown in Figure 5.3 at a 
fixed value of 50.  
When a large number of sidebands are present, e.g., at an MAS rate of 1.5 kHz, 
the region where the rms error is low is constrained to a small number of possible 
values of " and #. As the MAS rate increases and the number of sidebands 
decreases, this region expands to encompass a larger set of " and # values. 
Therefore, the most accurate fits are obtained with the slower MAS rates.  
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Figure 5.3: 
89
Y (14.1 T) MAS NMR spectra of Y2Ti2O7, with MAS rates between 1.5 and 14 kHz. 
Spectra are the result of averaging between 80 and 1800 transients, with a recycle interval of 10 s 
and a preacquisition interval of 80 µs. The contour plots show the rms deviation for the values of 
span, !, and skew, " resulting from an analytical fitting process. The intensity has been arbitrarily 
limited to 50. 
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Figure 5.4: The margin of error for (a) ! and (b) " plotted as a function of !r (Hz) / " (Hz), a 
quantity which is proportional to the effective number of spinning sidebands. Confidence intervals 
were determined from the contour plots in Figure 5.3. 
 
The contour plots can be further used to calculate the 95% confidence interval, 
C95 of the values of " or # determined as in the SIMPSON optimisation package 
written by T. Vosegaard.
176
 The value of C95 can be used to determine the margin 
of error (C95/2) quoted for the values of " or #. 
As the exact number of significant spinning sidebands present in a spectrum is 
open to interpretation through visual examination, it might be preferable to quote 
the ratio (!r / Hz) / (" / Hz), (where !r is the MAS rate) as the “effective” number 
of spinning sidebands present. The value of " used when defining the effective 
number of spinning sidebands is taken from previous experiments on static 
samples from literature.
177
 The margin of error for the values of ! and the ", can 
now be correlated with the effective number of spinning sidebands, as shown in 
Figure 5.4, and listed in Table 5.1. When the number of spinning sidebands is 
above ~5, there is only a slight improvement in the margin of error of ! and ", as 
the number of spinning sidebands increases. Conversely, when the number of 
spinning sidebands is below ~5, the value of the margin of error rapidly increases 
as the number of spinning sidebands decreases. 
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Table 5.1: Margin of error in ! and ", which are plotted in Figure 5.4. The number of spinning 
sidebands present in a NMR spectrum is defined by (!r / Hz) / (" / Hz). 
!r / kHz (!r / Hz) / (" / Hz) Margin of error in 
" (ppm) 
Margin of error in 
" 
1.5 11.7 24 0.08 
2 8.7 30 0.13 
3 5.8 46 0.19 
4 4.4 40 0.27 
5 3.5 51 0.52 
6 2.9 75 0.47 
7 2.5 106 0.76 
8 2.2 103 0.76 
10 1.7 207 1.90 
12 1.5 253 2.18 
14 1.2 329 4.55 
 
When deciding on the MAS rate to be used, and therefore the number of 
sidebands present in the spectrum, it would appear that the slower MAS rates, 
which result in the larger numbers of sidebands, might result in the more accurate 
measurement of ! and ". However, as the number of spinning sidebands in a 
NMR spectrum is increased, for a fixed experimental time the signal-to-noise 
level, and therefore the accuracy in the measurements of the ! and ", will 
decrease. Therefore, some compromise is generally required between obtaining 
large numbers of spinning sidebands and a high accuracy in the fits and small 
numbers of spinning sidebands for improved signal-to-noise. Therefore, 
considering the results shown in Figure 5.4, as there is little improvement in the 
margin of error for ! and " once the number of spinning sidebands reaches ~5, 
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this relatively low number of spinning sidebands can be used to obtain both 
reasonably small margin of errors and good signal-to-noise levels. 
 
5.3.2  Comparison of CAPASS with and without a presaturation train 
An evaluation of the applicability of 
89
Y CAPASS was carried out using the 
two end members of the Y2SnxTi2–xO7 solid solution, as they both possess a single 
sharp resonance, enabling spectra to be acquired on a reasonable time scale 
furthermore the two exhibit different values of ! and therefore provide an 
excellent test for the investigation of CAPASS using 
89
Y NMR. However, it must 
be noted that as " = +1, and therefore ! = 0, there may be some difficulty in 
accurately measuring the value of " using slow MAS, unless a large number of 
sidebands are present. 
The CAPASS experiment shown in Figure 5.2a does not appear to be an 
efficient method due to the low receptivity and long T1 relaxation times. The use 
of a presaturation train (consisting of a short delay and a "/2 pulse, looped nsat 
times), prior to the initial "/2 pulse used in the CAPASS experiment as shown in 
Figure 5.5, will allow the use of shorter recycle intervals, but might also be 
expected to reduce the signal per transient. However, if the signal per unit time is 
increased, the use of a presaturation train would be a more desirable method, 
provided that there is no adverse effect upon the CAPASS experiment, and in 
particular upon the sideband manifold. 
To assess the difference between spectra acquired with and without a 
presaturation train, slow MAS and CAPASS spectra were acquired for Y2Ti2O7 
and Y2Sn2O7. The resulting spectra can be seen in Figure 5.6, where slow MAS 
experiments are shown in black and CAPASS experiments are shown as 
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Figure 5.5: Pulse sequence for the CAPASS experiment with a presaturation train. The 
presaturation train consists of a short delay, !1, followed by a "/2 pulse shown in black, looped nsat 
times prior to the initial "/2 pulse of the CAPASS experiment also shown in black. The five PASS 
" pulses are shown in grey and the intermediate " pulse, which joins the PASS blocks together, is 
shown in purple.  
 
individual data points in red. Also shown is a slow MAS spectrum (blue), shifted 
slightly for ease of comparison, which was simulated using NMR parameters from 
literature data derived from experiments on static samples.
177
 All spectra in Figure 
5.6a were acquired with no presaturation train and a long recycle interval of 180 s, 
while the spectra in Figure 5.6b were acquired with a presaturation train and a 
short recycle time of 10 s. The slow MAS and CAPASS spectra were fitted using 
SIMPSON, by comparison to a simulated slow MAS spectrum using ideal pulses. 
The resulting values of !, " and their respective margins of errors (C95/2) and 
minimum rms deviations are given in Table 5.2. Additionally, the corresponding 
contour plots showing the rms error extracted from analytical fits of the MAS and 
CAPASS spectra are shown in Figure 5.7. 
As shown in Figure 5.6a, a good agreement is found for the slow MAS 
spectrum of Y2Ti2O7, acquired without a presaturation train and the simulated 
spectrum. However, the slow MAS spectrum of Y2Sn2O7, acquired without a 
presaturation train, is considerably different to the simulated spectrum. This 
appears to arise from the difficulty in controlling the slower MAS rate required 
for Y2Sn2O7 owing to the lower !. This results in a spectral broadening and 
variation of the intensities in the sideband manifold. Similarly, the values of the 
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Figure 5.6: (a) 
89
Y (14.1 T) slow MAS NMR spectra of Y2Ti2O7 (left) and Y2Sn2O7 (right) with 
MAS rates of 2 and 0.9 kHz, respectively. Overlaid (in red) are the sideband intensities extracted 
from CAPASS experiments, acquired using the pulse sequence in Figure 5.2a and a recycle 
interval of 180 s. In (b), experimental parameters are as in (a) but in all experiments a presaturation 
train of consisting of 32 pulses separated by 50 ms was employed, and recycle intervals of 10 s 
were used. Also shown (by the blue line) in (a) and (b) are ideal spectra (shifted slightly for ease of 
comparison), simulated using the CSA parameters extracted from previous experiments (for static 
samples) in the literature.
177
 (c) shows the differences between the (normalised) two slow MAS 
(solid lines) and CAPASS sideband intensities (red data points) shown in (a) and (b), i.e., with and 
without a presaturation train. Other experimental parameters: Y2Ti2O7 [MAS (a) 72 (b) 1296 
transients; CAPASS 16 t1 increments, MAS rate = 10 kHz, NT = 5, nPASS  = 1, (a) 52 (b) 442 
transients]. Y2Sn2O7 [MAS (a) 196 (b) 3528 transients, CAPASS 16 t1 increments, MAS rate = 6 
kHz, NT = 6.67, nPASS  = 1, (a) 52 (b) 442 transients]. 
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Figure 5.7: Two-dimensional contour plots showing the rms deviation from an analytical fitting of 
each sideband manifold in the MAS and CPASS spectra shown in Figure 5.6, for values of span, ! 
and skew, ", with miniumum values quoted in Table 5.2. The intensity scale has been (arbitrarily) 
limted to 50. 
 
shielding parameters extracted from the slow MAS spectra are in good agreement 
with those previously obtained from literature (Table 5.2), for Y2Ti2O7. However, 
a poorer agreement is obtained for Y2Sn2O7. 
Under ideal conditions, the CAPASS experiment should produce a spectrum 
with sideband intestines that perfectly match those in a slow MAS spectrum. 
Therefore, the intensities of the sideband manifold obtained using CAPASS can 
be compared to those in the experimental or simulated slow MAS spectra in 
Figure 5.6a. For Y2Ti2O7 a relatively good agreement is obtained between the 
CAPASS and the slow MAS spectra. However, for Y2Sn2O7, the CAPASS 
spectrum shows much closer agreement with the simulated spectrum rather than 
the experimental slow MAS spectrum. This highlights the benefits of using 
CAPASS for compounds with a small ! over a traditional slow MAS spectrum 
avoiding the challenge of high-level mechanical stability at slow MAS rates. This 
is similarly reflected in the NMR parameters extracted from the data in Table 5.2, 
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where there is a good agreement between the values of ! extracted from CAPASS 
spectra and those obtained from the literature. Note that although the agreement 
appears poorer for ", the accurate measurement of this parameter typically 
requires more sidebands, as shown previously in Figure 5.4b. 
As previously stated, the implementation of a presaturation train would be 
advantageous if it increased the signal per unit time without any detrimental 
effects upon the spectrum. As the slow MAS experiments were acquired with 
MAS rates of 2 and 0.9 kHz for Y2Ti2O7 and Y2Sn2O7, respectively, the CAPASS 
experiments were acquired with MAS rates of 10 and 6 kHz (NT of 5 and 6.67) 
producing MAS rates in the indirect dimension of 2 and 0.9 kHz for Y2Ti2O7 and 
Y2Sn2O7 respectively, thereby allowing the direct comparison of the CAPASS 
spectra to the slow MAS spectra and simulations. The (normalised) slow MAS 
and CAPASS spectra acquired with a presaturation train for Y2Ti2O7 and Y2Sn2O7 
are shown in Figure 5.6b. For both slow MAS and CAPASS spectra there is a 
good agreement between the spectra acquired with and without a presaturation 
train. This can be seen more clearly in Figure 5.6c, where the traces show the 
difference between the sideband intensities between the slow MAS and CAPASS 
spectra recorded with and without a presaturation train.  
Considering the overall signal intensity of the non-normalised slow MAS 
spectra acquired with and without a presaturation train from Figure 5.6, it was 
found that whilst the spectra acquired without a presaturation train, have ~3.3 
times more signal per transient, those acquired with a presaturation train have a 
factor of ~5.5 times more signal per unit time. Identical results were also obtained 
when considering the non-normalised CAPASS spectra acquired with and without 
a presaturation train from Figure 5.6. Therefore, the use of a presaturation train 
and a shorter relaxation interval appears preferable, as there is no noticeable 
detrimental effect upon the sideband intensities in the slow MAS or CAPASS 
experiments and a significant increase in signal per unit time.  
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5.3.3  Assessment of the CAPASS fitting procedure 
The CAPASS experiment was designed based on ideal conditions with 
infinitely strong rf field strengths and infinitely short, accurately-synchronised and 
on-resonance ! pulses. However, as these cannot be achieved experimentally, the 
performance of the experiment may suffer as a consequence. In previous 
applications of the amplification experiments of Orr et al.
173,174,178
 and the related 
experiments of Titman and co-workers
179-183
 good agreement between experiment 
and simulation was achieved for 
13
C and 
31
P NMR. As 
13
C and 
31
P both possess 
reasonably high " and correspondingly higher rf field strengths, the restricted rf 
field strengths available for 
89
Y may be a problem. 
The fitting procedure utilised so far (in Table 5.2), has compared the sideband 
manifold extracted for each resonance in a CAPASS spectrum to the sideband 
intensities in a MAS spectrum simulated using ideal pulses. However, it might be 
possible to obtain more accurate fits by a comparison to the sideband manifold 
extracted from a full simulation of the CAPASS experiment, carried out using the 
real rf field strength and pulse durations used in the experiment. Although a more 
time-consuming method, the results given in Table 5.3 for the original (labelled 
A) and more complex fitting procedure (labelled B), show a significant 
improvement in the agreement of the NMR parameters obtained using CAPASS 
to those obtained from previous static experiments.  
From a comparison of the results from fitting methods A and B for spectra of 
Y2Ti2O7, it is apparent that the minimum rms deviation is higher for fitting 
method A. This reflects the fact that the fit obtained with method B is a much 
closer match to the experimental data. Although it would appear that the results 
from method B are in better agreement with the values from the static experiments 
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Figure 5.8: Two-dimensional contour plots showing the rms deviation from an analytical fitting of 
each sideband manifold in the MAS and CPASS spectra shown in Figure 5.6, for values of span, ! 
and skew, ", with miniumum values quoted in Table 5.3. The intensity scale has been (arbitrarily) 
limted to 50. 
 
 (i.e., potentially “more accurate”), the margin of error on ! (determined from the 
contour plots of the rms deviation shown in Figure 5.8, and shown in Table 5.3), 
is slightly larger than observed for method A. However, in both cases, this error is 
not unreasonably large. Although the agreement for ! is slightly better for the new 
fitting procedure, there is still a difference between the results obtained from the 
fit and those from the static experiments. This is perhaps to be expected, as 
without a large number of sidebands, ! is difficult to determine when it is close to 
±1, as described previously in Section 5.3.1. 
For the results obtained with the more complicated fitting procedure (fitting 
method B), for the SATCAPASS spectra in Figure 5.6b, it is apparent that as the 
magnitude of " increases, the margin of error also increases. To assess if this is 
inherent in the approach (as opposed to a result of experimental errors such as 
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phasing inaccuracies or high levels of noise), CAPASS spectra were simulated 
under ideal conditions using the parameters for Y2Sn2O7 and Y2Ti2O7, found in 
the static experiments, and contour plots of the rms error associated with varying 
values of ! and " were generated. The margin of error obtained from the fits of 
the simulations for Y2Ti2O7 are larger than those obtained for the fits of the 
simulations of Y2Sn2O7 (24 and 9 ppm, respectively). The margin of error 
obtained from the fits of the experimental spectra are shown in Table 5.3, with 
those obtained from SATCAPASS, being 41 and 13 ppm for Y2Sn2O7 and Y2Ti2O7, 
respectively. In both cases, the margin of error found for the simulated spectra are, 
as perhaps expected, smaller than that observed from fitting of the experimental 
spectra. This suggests that although the margin of error does appear to be 
inherently larger for the larger value of !, it is not the sole contributor to this error 
quoted from the experimental fits. 
 
5.3.4  Investigating CAPASS experimental parameters 
As stated previously in Section 5.3.1, a larger number of spinning sidebands is 
generally required to obtain more accurate values of ! and ", although this will, 
of course, result in lower peak-height signal (unless the experimental time is 
extended). For the CAPASS experiment, increasing the total scaling factor (NT) 
by varying the scaling factor (N) or the number of five " pulse PASS blocks 
(nPASS) will result in slower apparent MAS rates in the indirect dimension. If this 
increases the number of rows in the experiment from 16 to 32, this will 
significantly increase the experimental time. Reducing the number of transients 
averaged will reduce the time taken, but will result in a decrease in sensitivity. 
89
Y CAPASS spectra of Y2Ti2O7 were acquired with a MAS rate of 8 kHz and 
N = 3.33, in a 16 row experiment with nPASS equal to 0, resulting in NT = 3.33 and 
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Figure 5.9: 
89
Y (14.1 T) slow MAS NMR spectra of Y2Ti2O7 with MAS rates of (a) 2.4 and (b) 1.2 
kHz. Overlaid are sideband intensities extracted from CAPASS experiments, acquired using the 
pulse sequence in Figure 5.5, with apparent spinning rates (!1/NT) in the indirect dimension of (a) 
2.4 and (b) 1.2 kHz. Also shown (by the blue line) in (a) and (b) are ideal spectra (shifted slightly 
for ease of comparison), simulated using the CSA parameters extracted from previous experiments 
(for static samples) in the literature. Other experimental parameters: [MAS (a) 650 (b) 1000 
transients, recycle interval 10 s; CAPASS (a) 392 transients, 16 t1 increments, NT = 3.33, nPASS = 
0, recycle interval 10 s, MAS rate = 8 kHz (b) 442 transients, 32 t1 increments, NT = 6.67, nPASS = 
1, recycle interval 10 s, MAS rate = 8 kHz]. 
 
an MAS rate in the indirect dimension of 2.4 kHz. For a similar 32 row 
experiment nPASS was set at 1, resulting in NT = 6.67 and a MAS rate in the 
indirect dimension of 1.2 kHz. The corresponding slow MAS spectra were also 
acquired and are shown alongside simulated spectra using the parameters from 
static experiments (offset in blue) in Figure 5.9. The extracted NMR parameters 
given in Table 5.4 show that for the slow MAS and CAPASS spectra, when the 
number of spinning sidebands is doubled to ~15, there is only a slight increase in 
the agreement of the values of ! with those obtained from literature, and no 
significant change in the values of the " obtained. However, as shown previously 
in Figure 5.4, the margin of error for ! and " decreases as the number of spinning 
sidebands increases. This is also seen when examining the contour plots of the 
rms deviations extracted from the analytical fits, shown in Figure 5.10. Therefore, 
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Table 5.4: Experimental 
89
Y NMR anisotropic shielding parameters (span, !, and skew, ") with 
corresponding margin of error (C95/2) and minimum root-mean-square (rms) deviations, resulting 
from fits of 
89
Y slow MAS and CAPASS spectra for Y2Ti2O7. Fits were carried out using method 
A, a simulation of the MAS spectrum or method B, a simulation of the CAPASS experiment with 
experimental rf field strengths and magnetic field strengths. Experiments with a presaturation train 
are denoted with the prior subscript, SATMAS/CAPASS. For MAS experiments parameters are 
denoted MAS (F2 MAS rate in kHz). For PASS experiments parameters are denoted CAPASS [F2 
MAS rate in kHz, NT, nPASS] (F1 MAS rate in kHz). Contour plots of the rms deviation resulting 
from analytical fits of the MAS and CAPASS spectra are shown in Figure 5.10. 
Experiment Fit ! (ppm) " rms 
Static
177
  595 0.9  
Figure 5.9a     
MAS (2.4) A 602 ± 38 0.8 ± 0.2 0.3 
SATCAPASS [8, 3.33, 0] (2.4) B 609 ± 41 0.7 ± 0.2 3.2 
Figure 5.9b     
MAS (1.2) A 593 ± 23 0.8 ± 0.1 2.4 
SATCAPASS [8, 6.67, 1] (1.2) B 603 ± 27 0.7 ± 0.1 12.7 
 
although the margin of error in ! and " is decreased, as there is only a slight 
improvement in the values of ! and " obtained when doubling the number of 
sidebands present, the increased experimental time cannot be justified in this case. 
As stated previously, using the CAPASS equations, Orr et al.
173,174
 found 
solutions for five ! pulses for scaling factors, of 2 !  N !  3.4 , and to achieve 
higher scaling factors, the number of five ! pulse blocks (nPASS) must be 
increased. Any errors or inefficiencies in the ! pulses will therefore increase as the 
number of ! pulses increases, which can potentially lead to a decrease in the 
accuracy of the results. This is investigated in Figure 5.11, where for Y2Ti2O7 the 
CAPASS experiments were performed with an MAS rate in the indirect 
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Figure 5.10: Two-dimensional contour plots showing the rms deviation from an analytical fitting 
of each sideband manifold in the MAS and CPASS spectra shown of Y2Ti2O7 in Figure 5.9, for 
values of span, ! and skew, ", with miniumum values quoted in Table 5.4. The intensity scale has 
been (arbitrarily) limted to 50. 
 
dimension of 2 kHz using nPASS = 0 (with NT = 2.5 and a MAS rate in the direct 
dimension of 5 kHz) and nPASS = 1 (with NT = 5 and a MAS rate in the direct 
dimension of 10 kHz). Similarly for Y2Sn2O7, an MAS rate in the indirect 
dimension of 0.9 kHz was achieved using nPASS = 0 (with NT = 3.33 and MAS rate 
in the direct dimension of 3 kHz) and nPASS = 1 (with NT = 6.67 and MAS rate in 
the direct dimension of 6 kHz). The corresponding slow MAS spectra were also 
acquired and are shown alongside simulated spectra using the parameters 
extracted from static experiments shown offset in blue.  
Comparing the CAPASS spectra to the simulated slow MAS spectra shown in 
Figure 5.11, for both Y2Ti2O7 and Y2Sn2O7, there is a decrease in the agreement 
as nPASS is increased from 0 to 1, although this change is much more prominent 
for Y2Ti2O7 than for Y2Sn2O7. Similar results are found for the extracted shielding 
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Figure 5.11: 
89
Y (14.1 T) slow MAS NMR spectra of (a) Y2Ti2O7 and (b) Y2Sn2O7 with MAS rates 
of 2 and 0.9 kHz, respectively. Overlaid are sideband intensities extracted from CAPASS 
experiments, acquired using the pulse sequence in Figure 5.5, with apparent spinning rates (!1/NT) 
in the indirect dimension of (a) 2 and (b) 0.9 kHz. Also shown (by the blue line) in (a) and (b) are 
ideal spectra (shifted slightly for ease of comparison), simulated using the CSA parameters 
extracted from previous experiments (for static samples) in the literature. Other experimental 
parameters: Y2Ti2O7 [MAS 72 transients, recycle interval 180 s; CAPASS (green) 448 transients, 
16 t1 increments, NT = 2.5, nPASS = 0, recycle interval 10 s, MAS rate = 5 kHz; CAPASS (red) 442 
transients, 16 t1 increments, NT = 5, nPASS = 1, recycle interval 10 s, MAS rate = 10 kHz], Y2Sn2O7 
[MAS 196 transients, recycle interval 180 s; CAPASS (green) 448 transients, 16 t1 increments, NT 
= 3.33, nPASS = 0, recycle interval 10 s, MAS rate = 3 kHz; CAPASS (red) 442 transients, 16 t1 
increments, NT = 6.67, nPASS = 1, recycle interval 10 s, MAS rate = 6 kHz] 
 
 
Figure 5.12: Two-dimensional contour plots showing the rms deviation from an analytical fitting 
of each sideband manifold in the MAS and CPASS spectra shown in Figure 5.11, for values of 
span, " and skew, #, with miniumum values quoted in Table 5.5. The intensity scale has been 
(arbitrarily) limted to 50. 
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parameters given in Table 5.5, where for Y2Ti2O7, there is a decrease in the 
agreement with the parameters extracted from static experiments as nPASS 
increases from 0 to 1, but for Y2Sn2O7 there is a good agreement to the static 
parameters for both nPASS = 0 and 1. This can also be seen when examining the 
contour plots shown in Figure 5.12 and considering the magnitude of error in ! in 
particular, as this increases by 6 for Y2Ti2O7 and 2 for Y2Sn2O7 as nPASS is 
increased. Therefore, although increasing the number of " pulses does appear to 
have a detrimental effect on the CAPASS experiment, this effect appears to be 
more pronounced in compounds with a larger !. 
 
5.3.5  Effects of varying rf field strength on CAPASS 
As stated previously, the CAPASS experiment was designed under ideal 
conditions and therefore its performance may suffer as the experimental 
conditions deviate from these. From the fitting procedure in Section 5.3.3, it was 
found that simulating the CAPASS spectra with differing rf field strengths 
affected the relative intensities of the sideband manifold. It is also clear from the 
Y2Ti2O7 and Y2Sn2O7 spectra in Figure 5.6 and Figure 5.11 that CAPASS appears 
to work better for Y2Sn2O7 where ! is smaller. Therefore, it is possible that the 
strength of the rf field available (!1 = "1/2# = –$B1), and its relation to the span 
(expressed in Hz), %Hz may be a fundamental limitation in the performance of the 
CAPASS experiment and therefore in the accuracy with which the shielding 
parameters can be extracted. An investigation varying the rf field strength by Orr 
et al.
174
 with the CAPASS experiment using 
13
C-l-&-glycine (% = 139 ppm) 
showed that as the rf field strength decreased from 90 to 40 kHz and !1/%Hz 
decreased from 6.4 to 2.9, there was no noticeable decrease in the agreement with 
the slow MAS spectrum. 
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Figure 5.13: 
119
Sn (14.1 T) slow MAS NMR spectrum of SnO2 acquired with an MAS rate of 3.5 
kHz. Shown overlaid are sideband intensities extracted from CAPASS experiments, acquired 
using the pulse sequence in Figure 5.5, with a range of rf field strengths of 109 to 11 kHz, 
resulting in values of !1/"Hz of 3.7 to 0.4. Data are shown (a) before and (b) after normalisation (to 
the isotropic resonance at –604.3 ppm). Other experimental parameters: [MAS 64 transients, 
recycle interval 15 s; CAPASS 392 transients, 16 t1 increments, NT = 2, nPASS = 0, recycle interval 
5 s, MAS rate = 7 kHz]. 
 
For Y2Ti2O7 and Y2Sn2O7, !1/"Hz are 1.3 and 3.7, respectively. Therefore, it is 
possible that the low value of !1/"Hz for Y2Ti2O7, is responsible for the poorer 
agreement between the CAPASS and slow MAS spectra. As the range of rf field 
strengths available for 
89
Y is limited due to the low #, an investigation using 
119
Sn 
CAPASS on SnO2 was carried out, which due to the high # of 
119
Sn, enabled a 
variety of rf field strengths to be used. Figure 5.13 shows 
119
Sn NMR spectra of 
SnO2 (" = 130 ppm) where the CAPASS experiment was carried out with varying 
rf field strengths of 109 to 11 kHz, leading to !1/"Hz ratios of 3.7 to 0.4. In Figure 
5.13a, as the rf field strength is decreased, the absolute signal intensity decreases. 
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More importantly, when the spectra are normalised to the isotropic peak at –604.3 
ppm, as shown in Figure 5.13b, it is clearer that when !1/"Hz = 3.7 there is a good 
match of the CAPASS data points to the sideband manifold in the slow MAS 
spectrum, while when !1/"Hz is decreased, the quality of the match deteriorates 
rapidly. Therefore the weaker rf field strength does appear to be a significant  
factor in the overall accuracy of the NMR parameters extracted using CAPASS, 
and may go some way to explaining the poorer performance of the experiment for 
89
Y, in comparison to previous 
13
C and 
31
P NMR results. 
 
5.3.6  Effect of pulse imperfections on CAPASS performance 
As stated in Section 5.1, as PASS and similarly CAPASS consist of multiple # 
pulses that are synchronised to the rotor period, the experiment is expected to be 
sensitive to pulse miscalibrations and B1 inhomogeneity. For 
89
Y NMR, where the 
sensitivity is often less than ideal and T1 relaxation times can be very long, it can 
often be difficult to accurately measure the # pulse durations required in the 
experiments resulting in a greater chance of a flip-angle ‘mis-set’. It is possible to 
investigate the effect this might have on the relative sideband intensities by 
actively mis-setting the pulses flip-angles when acquiring 
119
Sn CAPASS spectra 
of SnO2. In the CAPASS experiment it would appear that as the first #/2 pulse 
generates the initial transverse magnetisation, any mis-set in the flip-angle of this 
pulse would only affect the overall signal intensity of the sideband manifold as a 
whole and not the individual sideband intensities. Therefore, it is only the 
subsequent PASS # pulses, which control the pitch of the spectrum and therefore 
the relative intensities of the individual spinning sidebands which are altered in 
the following study. An investigation in the flip-angle mis-set by Orr et al.
174
 on 
CAPASS using 
13
C-l-$-glycine, showed that as the flip-angle mis-set was changed  
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Figure 5.14: 
119
Sn (14.1 T) slow MAS NMR spectrum of SnO2 with an MAS rate of 3.5 kHz. 
Shown overlaid are sideband intensities extracted from CAPASS experiments, acquired using the 
pulse sequence in Figure 5.5, with ! pulse flip-angle mis-sets of ±30°. Data are shown (a), (c), (e) 
before and (b), (d), (f) after normalisation to the isotropic resonance. Rf field strengths of 111, 64, 
23 kHz were applied, resulting in "1/#Hz values of 3.9, 2.2 and 0.8 for (a) and (b), (c) and (d), (e) 
and (f) respectively. Other experimental parameters: [MAS 64 transients, recycle interval 15 s; 
CAPASS 238 transients, 16 t1 increments, NT = 2, nPASS = 0, recycle interval 5 s, MAS rate = 7 
kHz]. 
 
from –10° to –40° there was a no noticeable decrease in the agreement with the 
slow MAS spectrum, which could be owing to the use of high !1/#Hz ratios only. 
For the 
119
Sn CAPASS spectra of SnO2 (# = 130 ppm), rf field strengths of 
111, 64 and 23 kHz leading to "1/#Hz values of 3.8, 2.2 and 0.8, respectively, were 
used. To investigate the flip-angle mis-set, a slow MAS spectrum and a CAPASS 
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Figure 5.15: (a) Integrated intensity of 
119
Sn CAPASS spectra shown in Figures 5.14a, 5.14c and 
5.14e. Intensities are scaled relative to the spectrum acquired with !1/"Hz = 3.8 and no flip-angle 
mis-set (set to 100%). (b) Values of the span extracted from the CAPASS spectra shown in 
Figures 5.14a, 5.14c and 5.14e were obtained using an analytical fitting procedure using 
SIMPSON,
16
 where the CAPASS experiment was simulated with experimental rf field strengths 
and pulse durations. Fitted data points are labelled with [experimental°] and (simulated°) flip-
angle mis-sets. 
 
spectrum acquired with no mis-set were compared with CAPASS spectra acquired 
with ±30° mis-sets as shown in Figure 5.14. From the spectra shown in Figures 
5.14a, 5.14c and 5.14e it is clear that altering the flip-angle of the PASS pulses 
away from 180° results in a change in the overall intensity of the sideband 
manifold. 
To obtain a clearer idea of how the absolute intensity of the sideband manifold 
changes as a function of both PASS pulse flip-angle mis-set and !1/"Hz, the 
integrated intensities of the sideband manifolds in Figure 5.14a, 5.14c and 5.14e 
are plotted in Figure 5.15a. In all cases, the integrated intensity decreases as 
!1/"Hz decreases. Additionally, in all cases, the absolute intensity of the CAPASS 
spectra with +30° flip-angle mis-sets are significantly lower than the CAPASS 
spectra with no flip-angle mis-sets. However, for the CAPASS spectra with –30° 
flip-angle mis-sets, as !1/"Hz decreases, the absolute intensity increases relative to 
that found for the CAPASS spectra with no flip-angle mis-sets. 
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The CAPASS spectra, normalised to the isotropic peak are shown in Figures 
5.14b, 5.14d and 5.14f where it can be seen that at high rf field strengths, there is 
very little difference in the relative sideband intensities with a change in flip-
angle. However, as the rf field strength decreases, the spectra acquired with a flip-
angle mis-set show significant differences in the sideband intensities, which will 
lead to inaccurate values of the extracted NMR parameters.  
The values of ! obtained from the CAPASS spectra fitted using a simulation 
of the CAPASS experiment with experimental rf field strengths, using either (i) 
the experimental flip angle or (ii) an exact ! pulse, are given in Table 5.6. The 
data points are labelled with the [experimental°] and (simulated°) flip-angle mis-
sets. As the exact values of ! obtained from the CAPASS spectra with accurately 
adjusted ! pulses vary slightly depending on the rf field strength used for each 
specific "1/!Hz, Figure 5.15b plots the difference in ! between this value and that 
obtained from CAPASS spectra acquired with a mis-set (and fitted either with or 
without this mis-set in the simulation). It is now clear that at high "1/!Hz (3.8) 
there is little difference in the values of ! obtained when the fitting procedure 
does or doesn’t take into account the flip-angle mis-set directly. As "1/!Hz 
decreases there is an increased difference in the values of ! obtained from the fits. 
However, when using the fitting procedure that simulates CAPASS spectra with 
the experimental flip-angle mis-sets, the differences in the values of ! are much 
lower. 
It is clear from Figure 5.14 and Figure 5.15 that both the rf field strength or, 
more specifically the "1/!Hz ratio and flip-angle mis-sets have a significant effect 
on resulting sideband manifold obtained from the CAPASS experiment. Using 
flip-angle mis-sets of ±30°, which reflect an unrealistically large pulse 
miscalibration, it is clear that an overestimation of the flip-angle will result in a 
loss of signal intensity, whereas an underestimation of the flip-angle will result in 
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Table 5.6: Experimental parameters and values of ! obtained from the 
119
Sn NMR spectra of SnO2 
in Figure 5.14 from an analytical fitting procedure using SIMPSON,
16
 where the CAPASS 
experiment was simulated with experimental rf field strengths with no PASS pulse mis-sets  
[x°](0°) or the deliberate experimental PASS pulse mis-sets [x°](x°). Flip-angle mis-sets are 
labelled as [experimental°](simulated°), where 0° indicates a perfect 180° pulse and x° indicates a 
pulse mis-set of ±30° for an experimental pulse or a simulated pulse from the fitting procedure. 
"1/!Hz Pulse length 
 / µs 
PASS pulse 
mis-set 
! (ppm) 
[x°](0°) [x°](x°) 
3.8 3.75 –30° 132 132 
3.8 4.50 0° 132 132 
3.8 5.25 +30° 133 133 
2.2 6.46 –30° 126 131 
2.2 7.75 0° 133 133 
2.2 9.04 +30° 130 130 
0.8 17.92 –30° 124 127 
0.8 21.50 0° 126 125 
0.8 25.08 +30° 120 122 
 
either a small loss or even a gain in sensitivity depending on "1/!Hz. This change 
in signal intensity is likely due to the finite length of the pulses, as under ideal 
conditions the pulse would be infinitely short. As longer pulses will result in an 
increased pulse duration relative to the rotor period, this will likely be detrimental 
to the performance of the experiment and could explain the loss in intensity. As in 
the results obtained by Orr et al.
174
 at high "1/!Hz ratios, large flip-angle mis-sets 
appear to have little effect upon the performance of the experiment and, therefore, 
the accuracy of the NMR parameters that can be extracted. However, even at low 
"1/!Hz ratios and flip-angle mis-sets, there is not a significant loss of accuracy 
when determining the value of !. The robustness of the experiment is likely a 
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Figure 5.16: 
89
Y (14.1 T) slow MAS NMR spectrum of Y2Ti2O7 with an MAS rate of 2.4 kHz. 
Shown overlaid are sideband intensities extracted from CAPASS experiments, acquired using the 
pulse sequence in Figure 5.5. Points shown in green, purple, dark green and red, result from 
sample restricted to the top, middle and bottom 60% of the rotor volume, respectively, while the 
light green data points represent the result from a full rotor. Data are shown (a) before and (b) after 
normalisation (to the isotropic resonance). Other experimental parameters: [MAS 88 transients, 
recycle interval 10 s; CAPASS 392 transients, 16 t1 increments, NT = 3.33, nPASS = 0, recycle 
interval 10 s, MAS rate = 8 kHz]. 
 
direct consequence of the phase cycling utilised on the ! pulses to counteract the 
pulse imperfections. Although composite pulses could also be introduced to 
reduce the effects of pulse imperfections, they generally would have a 
significantly longer duration than a single ! pulse, which might cause further 
problems for 
89
Y due to the typically low rf field strengths available. 
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(b)
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In solid-state NMR, the powdered sample is contained within a rotor which is 
placed within a coil.  If the rf field strength is not homogeneous across the length 
of the rotor, different areas of the powdered sample will be exposed to different rf 
field strengths. Therefore, the performance of CAPASS would differ across the 
rotor as the rf field strength and, therefore, the flip-angles would vary. It is 
possible to investigate this effect by restricting the sample volume of the rotor as 
shown in Figure 5.16. The 
89
Y CAPASS spectra of Y2Ti2O7 are shown for a full 
rotor, and rotors where the sample volume has been restricted to the top, middle 
and bottom sections of the rotor, respectively. As shown in Figure 5.16a, 
comparison of the signal intensity from the fully packed rotor and that where the 
sample is restricted to the middle of the rotor shows that the sample at the 
extremities of the rotor appears to contribute very little to the overall signal 
intensity. For spectra where the sample volume has been restricted to the top 
3/5
ths
, to the bottom 3/5
ths
 of the rotor, it is apparent that the loss of sample from 
the middle of the rotor, results in a more significant decrease in signal intensity. It 
is also clear that somewhat surprisingly, a greater proportion of the signal arises 
from the sample at the top of the rotor, than that at the bottom. However, even 
though there is clearly inhomogeneity in the B1 field over the length of the rotor, 
when the spectra are normalised to the isotropic peak, as shown in Figure 5.16b, 
there is no significant difference in the relative sideband intensities. Therefore, 
any errors resulting from B1 inhomogeneity are either too small to have any 
noticeable effect or are sufficiently compensated by the phase cycling of the ! 
pulses.
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5.4  Conclusions 
It has been shown that the CAPASS experiment can be used to successfully 
measure the 
89
Y shielding anisotropy. The use of a presaturation train was found 
to increase the signal per unit time and its implementation into CAPASS had no 
noticeable effect upon the relative sideband intensities and, therefore, upon the 
accuracy of the NMR parameters extracted. Through a series of 
89
Y slow MAS 
experiments, it was found that there is only a small increase in the accuracy of the 
measurement of ! once the number of spinning sidebands exceeds ~5. However, 
although this gain in accuracy is still desired, the experimental time required to 
acquire large numbers of spinning sidebands must be considered. For a set of two 
experiments on Y2Ti2O7, when using the CAPASS experiment and doubling the 
number of sidebands present, (using a 16 and 32 row experiment, respectively), 
although the margin of error in ! and " is decreased, the increased experimental 
time could not be justified. 
It was found that for the CAPASS experiment at low "1/!Hz ratios, as typically 
encountered in 
89
Y NMR spectra of Y2Sn2O7 and Y2Ti2O7, there is a perturbation 
of the sideband intensities, which results in an inaccurate measurement of !. 
However, through a more sophisticated fitting procedure that involves simulating 
the full CAPASS experiment with rf field strengths taken from the experiment, 
accurate values of ! can be obtained. Pulse imperfections such as flip-angle mis-
sets and B1 inhomogeneity were found to be more significant at low "1/!Hz ratios. 
However, they were never large enough to significantly affect the accuracy of the 
! obtained, most likely as a result of the phase cycling.  
Now that a methodology for the use of the CAPASS experiment with 
89
Y 
NMR has been determined, it can now confidently be used to measure the 
89
Y ! 
of the more complex Y2SnxTi2–xO7 solid solution. 
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89
Y and 
119
Sn 2D CSA-amplified PASS 
(CAPASS) NMR of Y2SnxTi2–xO7 
  
 
 
6.1  Introduction 
Although it is possible to measure the shielding tensor using either static or 
slow MAS NMR experiments, in most cases it is only the isotropic chemical shift 
that is obtained, as faster MAS rates are typically employed. Although it appeared 
possible to assign the 
89
Y NMR spectra of Y2SnxTi2–xO7 using just 
89
Y isotropic 
chemical shifts, as detailed in Section 3.3, there are a number of points for 
concern. As discussed in Section 4.3, the 
119
Sn NMR spectra of Y2SnxTi2–xO7 
exhibit a downfield shift of the resonance associated with a particular NNN 
environment as x decreases, which can be linked to a reduction in the unit cell 
size. As shown in Figure 6.1a, a downfield shift of the resonances is also observed 
in the 
89
Y NMR spectra of the solid solution, although it appears to be much 
smaller that that found in the 
119
Sn NMR spectra as the resonance assigned to the 
Sn6 environment shifted downfield by ~5 ppm, as the composition changes from 
Y2Sn2O7 to Y2Sn1.6Ti0.4O7 to Y2Sn1.2Ti0.8O7. This downfield shift could cause 
confusion, as in the 
89
Y spectra of Y2Sn2O7 and Y2Sn0.8Ti1.2O7 in Figure 6.1b, 
where the resonances assigned to 6Sn and 5SnTi environments in the two 
different samples have almost identical !iso, of 148 and 146 ppm, respectively. 
If ", which parameterises the magnitude of the anisotropy, could be measured 
using the CAPASS experiment as described in the previous chapter and compared 
to values calculated using DFT, this could provide a second parameter in addition  
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Figure 6.1: 
89
Y (14.1 T) MAS NMR spectra of Y2SnxTi2–xO7 shown in Section 3.3.1, Figure 3.4. 
(a) Comparison of spectra demonstrating a downfield shift of the resonance assigned to Sn6 as x 
decreases from Y2Sn2O7 to Y2Sn1.2Ti0.8O7. (b) Similar comparison for spectra of Y2Sn2O7 and 
Y2Sn0.8Ti1.2O7, showing the possible confusion if assignments are based solely on !iso. 
 
to !iso to help to assign the NMR spectra, and perhaps remove any ambiguity in 
the assignment. Furthermore, the value of " might also give insight into changes 
that occur within the local environment, as it is expected to be strongly dependent 
upon the local structure. In this chapter, the ability of DFT to accurately calculate 
the 
89
Y anisotropy will be assessed, before utilising these results to aid the 
assignment of the 
89
Y CAPASS spectra of the pyrochlore solid solution and 
provide links between " and the local atomic-scale environment. 
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6.2  Experimental parameters 
6.2.1  NMR spectroscopy 
The majority of the 
89
Y and all of the 
119
Sn spectra were acquired using a 
Bruker AVANCE III 600 MHz spectrometer equipped with a 14.1 T widebore 
magnet, operating at a Larmor frequency of 29.408 MHz for 
89
Y and 223.79 MHz 
for 
119
Sn. A small number of 
89
Y NMR spectra were also acquired using a Bruker 
AVANCE III 850 MHz spectrometer equipped with a 20.0 T widebore magnet, 
operating at a Larmor frequency of 41.658 MHz for 
89
Y. 
All 
89
Y NMR experiments were carried out using a commercial “low-!” 4 mm 
HX probe with a rf field strength of 23 kHz and 26 kHz at 14.1 T and 20.0 T, 
respectively. Samples were packed into 4 mm Si3N4 rotors to avoid any potential 
Y background signal, which would be present in a conventional ZrO2 rotor. 
Chemical shifts are shown in ppm relative to the primary reference 1 M YCl3 (aq), 
measured using a secondary solid reference of Y2Ti2O7 at 65 ppm.
122
 
119
Sn NMR experiments were carried out using a commercial 4 mm HX probe 
with a rf field strength of 111 kHz. Samples were packed into conventional 4 mm 
ZrO2 rotors. Chemical shifts are shown in ppm relative to the primary reference 
(CH3)4Sn (l), measured using a secondary solid reference of SnO2 at –604.3 
ppm.
129
  
For 
89
Y and 
119
Sn NMR experiments, preacquisition delays of 80 and 10 µs 
respectively, were used. Fitting of the experimental spinning sideband patterns 
was carried out using SIMPSON
16
 by comparison to a simulation of the CAPASS 
experiment using experimental parameters and conditions as far as possible. The 
rms error quoted is that outputted by SIMPSON and defined in the SIMPSON 
manual.
175
 The details of this fitting procedure is discussed more fully in Section 
5.3.3. Other relevant NMR experimental parameters are given in the relevant text, 
6.2 Experimental parameters 
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tables and figure captions. The errors of the chemical shifts quoted are expected to 
be ±1 ppm. 
 
6.2.2  DFT calculations 
All calculations were carried out using the CASTEP DFT code, running on the 
EaStCHEM Research Computing Facility Cluster, with a k-point spacing of 0.05 
Å–1 and a cut-off energy of 50 Ry. Geometry optimisation of the atomic 
coordinates and unit cell parameters were carried out in all cases, prior to the 
calculation of NMR parameters. The calculated isotropic shift 
!
iso
calc
 =  "
ref
# "
iso
calc( ),  was obtained from the calculated isotropic shielding using a 
reference shielding value. For 89Y a reference shielding of 2642.5 ppm was 
determined from a comparison of the average of the two calculated chemical 
shieldings and experimentally measured chemical shifts of the two Y cations in 
Y2O3. Similarly, for 
119Sn, a reference shielding of 2435.4 ppm was determined 
from experimental and calculated chemical shifts of SnO2. 
 
6.2.3  Sample preparation 
The Y2SnxTi2–xO7 samples prepared by Dr Karl Whittle were formed by 
grinding together stoichiometric amounts of Y2O3 (Aldrich 99.5%), SnO2 (Alfa-
Aesar, 99.5%) and TiO2 (Alfa-Aesar 99.9%) in an agate ball mill using acetone as 
the mobile phase. The resultant powders were then pressed into pellets using a 
uniaxial press, heated at 1500 °C for 48 hours (at a ramp rate of 10 °C min–1), 
cooled, reground, repressed and heated for a further 96 hours at 1500 °C. 
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6.3  
89
Y NMR investigation of Y2SnxTi2–xO7 
6.3.1  
89
Y DFT calculations 
The calculated and experimentally measured principal components of the 
chemical shift tensor (!xx, !yy and !zz) along with !iso, " and # for a range of range 
of yttrium-containing compounds, are plotted in Figure 6.2. Corresponding values 
are given in Table 6.1. It can be seen for the principal tensor components that the 
agreement between calculation and experimental is relatively good (and most 
points lie close to an ideal correlation, i.e., the 1:1 line included as a guide to the 
eye). A similar result is observed for !iso, although there is slight overestimation of 
the calculated values in some cases. For ", agreement is once again good, with 
some overestimation of the calculated values. However, it should be noted that " 
is considerably more difficult to measure experimentally than !iso, which may 
account for some of the differences observed. There is broad agreement between 
calculation and experiment for #, but considerably more scatter. This could result 
from inaccuracies in the experimental measurement of # (which is considerably 
more difficult than the measurement of ", as discussed in Section 5.3.1). 
Alternatively, the errors could result from the calculation, as # depends upon all 
three principal components and may be more susceptible to errors. 
For the values of !iso and " of the two end members Y2Sn2O7 and Y2Ti2O7, 
although they are in good agreement with the general trend, they appear to be 
slightly underestimated or overestimated by the calculations. The calculated 
values of # are in both cases +1, as expected from the crystal structure, any 
differences observed with experimental values are likely to result from the 
difficulty of the experimental measurement. To directly compare the experimental 
results for the Y2SnxTi2–xO7 solid solution to the calculated results, an ideal 1:1 
correlation would be preferred for !iso and ". To achieve this, the subsequent 
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Figure 6.2: Plots comparing experimental and calculated values of (a) the principal components 
!xx, !yy and !zz, (b) isotropic chemical shift, !iso, (c) span, " and (d) skew, # of the 
89
Y shielding 
tensor for a range of different yttrium-containing compounds. The dotted lines show an ideal 1:1 
correlation between calculated and experimental parameters. For plots concerning !iso, " and #, 
the compounds Y2Sn2O7 and Y2Ti2O7 are highlighted. The values for each compound are given in 
Table 6.1. 
 
calculated !iso and " for the solid solution have been systematically “corrected” or 
scaled to take account of the over/underestimation present for Y2Sn2O7 and 
Y2Ti2O7. However, # cannot be scaled in a similar way, owing to the uncertainty 
in the experimental measurements. The scaling factor applied was determined by 
comparing the experimental and calculated values of shielding parameters for the 
two end members and extracting the gradient and y-intercept of a straight line 
between the two. These were then used to calculate a scaled value of !iso, 
!xx
!yy
!zz
"400
"200
0
200
400
"400 "200 0 200 400
E
x
p
e
ri
m
e
n
ta
l 
!
ii 
(p
p
m
)
!ii    (ppm)
calc
(a)
Y2Sn2O7
Y2Ti2O7
0
100
200
300
400
0 100 200 300 400
E
x
p
e
ri
m
e
n
ta
l 
!
is
o
 (
p
p
m
)
!iso    (ppm)
calc
(b)
Y2Sn2O7
Y2Ti2O7
!1.0
!0.5
0
0.5
1.0
!1.0 !0.5 0 0.5 1.0
E
x
p
e
ri
m
e
n
ta
l 
"
"
calc
(d)
Y2Sn2O7
Y2Ti2O7
100
300
500
700
100 300 500 700
E
x
p
e
ri
m
e
n
ta
l 
#
 (
p
p
m
)
#
calc
 (ppm)
(c)
zz
yy
xx
T
ab
le
 6
.1
: 
C
al
cu
la
te
d
 a
n
d
 e
x
p
er
im
en
ta
l 
8
9
Y
 N
M
R
 p
ar
am
et
er
s,
 i
n
cl
u
d
in
g
 i
so
tr
o
p
ic
 c
h
em
ic
al
 s
h
if
ts
 (
!
is
o
ca
lc
 a
n
d
 !
is
o
ex
p
)
 s
p
an
 (
!
ca
lc
 a
n
d
 !
ex
p
)
 a
n
d
 s
k
ew
 (
!
ca
lc
 a
n
d
 !
ex
p
)
 f
o
r 
a 
ra
n
g
e 
o
f 
si
m
p
le
 i
n
o
rg
an
ic
 c
o
m
p
o
u
n
d
s.
a  
C
o
m
p
o
u
n
d
 
!
is
o
ca
lc
 (
p
p
m
)  
!
ca
lc
 (
p
p
m
)  
!
c
a
lc
 
!
is
o
ex
p
 (
p
p
m
)  
!
ex
p
 (
p
p
m
)  
!
ex
p
 
E
x
p
. 
R
ef
. 
Y
2
O
3
 (
Y
1
) 
1
8
4
 
2
6
6
.3
 
1
1
9
.8
 
–
1
.0
 
2
6
7
.5
  
1
0
2
.0
 
–
1
.0
 
1
8
2
 
Y
2
O
3
 (
Y
2
) 
1
8
4
 
3
1
1
.4
 
1
5
1
.3
 
–
0
.6
 
3
1
0
.2
  
1
1
7
.0
 
–
0
.7
 
1
8
2
 
Y
2
O
2
S
 1
8
6
  
2
9
4
.2
 
1
7
8
.4
 
–
1
.0
 
2
7
0
.5
  
1
6
0
.0
 
–
1
.0
 
1
8
2
 
Y
A
lO
3
 1
8
7
 
2
5
4
.7
 
1
9
0
.1
 
0
.8
 
2
1
5
.0
  
1
8
6
.3
 
0
.5
 
1
2
5
 
Y
3
A
l 5
O
1
2
 1
8
8
 
2
5
9
.2
 
2
0
5
.2
 
–
0
.2
 
2
2
1
.0
  
1
7
5
.2
 
–
0
.3
 
1
8
6
 
Y
4
A
l 2
O
9
 (
Y
1
) 
1
9
0
 
1
9
5
.9
 
1
0
5
.3
 
–
0
.2
 
1
8
4
.0
  
8
7
.5
 
–
0
.4
 
1
8
6
 
Y
4
A
l 2
O
9
 (
Y
2
) 
1
9
0
 
2
1
3
.4
 
2
2
6
.9
 
–
0
.6
 
2
1
6
.0
  
2
0
1
.8
 
–
0
.5
 
1
8
6
 
Y
4
A
l 2
O
9
 (
Y
3
) 
1
9
0
 
2
0
6
.6
 
2
3
5
.3
 
0
.6
 
1
9
5
.0
 
2
3
5
.8
 
0
.3
 
1
8
6
 
Y
4
A
l 2
O
9
 (
Y
4
) 
1
9
0
 
2
9
9
.1
 
1
9
3
.5
 
0
.2
 
2
3
1
.0
  
1
7
1
.0
 
0
.2
 
1
8
6
 
Y
S
cO
3
 1
9
1
 
2
8
0
.4
 
2
3
2
.9
 
0
.6
 
2
6
3
.0
  
2
2
1
.1
 
0
.4
 
b
 
Y
2
S
n
2
O
7
 1
9
2
 
1
5
7
.6
 
1
6
3
.3
 
1
.0
 
1
5
0
.0
  
2
0
8
.0
 
0
.9
 
1
2
1
 
Y
2
T
i 2
O
7
 1
9
3
 
2
0
.2
 
6
5
7
.4
 
1
.0
 
6
5
.0
  
5
9
5
.0
 
0
.9
 
1
2
1
 
a S
ee
 o
ri
g
in
al
 r
ef
er
en
ce
s 
fo
r 
a 
d
is
cu
ss
io
n
 o
f 
ex
p
er
im
en
ta
l 
er
ro
rs
. 
b
E
x
p
er
im
en
ta
l 
p
ar
am
et
er
s 
m
ea
su
re
d
 i
n
 t
h
is
 w
o
rk
. 
 
6.3 
89
Y NMR investigation of Y2SnxTi2–xO7 
 
 135 
 
 
6.3 
89
Y NMR investigation of Y2SnxTi2–xO7 
 
 136 
 ! iso
calc, scaled
 =  0.62 " !
iso
calc
+ 52.50,  (6.1) 
and a scaled value of the !, 
 !
calc, scaled
 =  0.78 "!
calc
+ 80.09. (6.2) 
In a similar manner to previous work using 
89
Y NMR
128
 described in Section 
3.3.2, 
89
Y NMR parameters of the Y2SnxTi2–xO7 solid solution can be calculated 
through the systematic modification of the B-site NNN environment (to each of 
the 13 different arrangements of Sn and Ti cations) of a central Y cation in 
Y2Sn2O7, Y2SnTiO7 and Y2Ti2O7 pyrochlore unit cells. In each case the geometry 
of the structure was optimised, where atomic coordinates and unit cell parameters 
were allowed to vary. In Figures 6.3a and 6.3b, !
iso
calc, scaled  and !
calc, scaled
 for each of 
the 16 Y cations in the unit cells are shown as a function of n Sn NNN 
respectively. Distinct ranges of !
iso
calc, scaled  and !
calc, scaled
 are observed for different 
environments, suggesting both parameters to be a useful probe of local structure. 
As the Ti content of the B-site NNN environment is increased, the average 
values of !
calc, scaled
 systematically increase. This is as expected, as ! for Y2Sn2O7 
is much smaller than that of Y2Ti2O7. This appears to reflect the variation in the x 
positional coordinate of O48f as it relaxes from its ideal fluorite position of (3/8, 
1/8, 1/8) towards the vacancy at (1/8, 1/8, 1/8) by an amount ! =  x " 3 / 8  to 
accommodate the two differently sized cations. For Y2Sn2O7 and Y2Ti2O7, where 
rA/rB are 1.48 and 1.68 and the x positional coordinate of O48f are 0.338
123
 and 
0.328,
124
 respectively, it is clear that the local environment in Y2Ti2O7 will be 
further away from the ideal cubic arrangement found in fluorite, resulting in a 
larger !. 
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Figure 6.3: Plots showing the 
89
Y (a) calculated, scaled chemical shift, !
iso
calc, scaled
 and (b) calculated, 
scaled span, !
calc, scaled
 as a function of n Sn NNN. Data points were obtained from a series of 
calculations based on unit cells of Y2Sn2O7, Y2SnTiO7 and Y2Ti2O7 carried out by Reader et al.
128
 
and detailed in Section 3.3.2. 
 
Although it is more difficult to accurately measure ! experimentally, the effect 
of changing the B-site NNN environment upon ! in the calculations can still be 
considered. For Y2Sn2O7 and Y2Ti2O7 the Y cation resides at a point of axial 
symmetry and therefore ! = ±1. However, as Sn and Ti cations are substituted 
onto the B-sites, this symmetry will be lost due to changes in occupancy of both 
the local and more remote B-sites and any resulting changes in the geometry, 
generating values of ! which do not equal ±1. The calculated values of ! are 
shown in Figure 6.4 as a function of the n Sn NNN. It is clear that as expected, a 
deviation from axial symmetry results in a range of different values of !. 
 
n
 S
n
 N
N
N
Sn6
Sn5Ti
1,2-Sn4Ti2
1,3-Sn4Ti2
1,4-Sn4Ti2
1,2,3-Sn3Ti3
1,2,4-Sn3Ti3
1,3,5-Sn3Ti3
1,2-Sn2Ti4
1,3-Sn2Ti4
1,4-Sn2Ti4
SnTi5
Ti6
0
1
2
3
4
5
6
406080100120140160180
calc, scaled
!iso           (ppm)
Sn6
Sn5Ti
1,2-Sn4Ti2
1,3-Sn4Ti2
1,4-Sn4Ti2
1,2,3-Sn3Ti3
1,2,4-Sn3Ti3
1,3,5-Sn3Ti3
1,2-Sn2Ti4
1,3-Sn2Ti4
1,4-Sn2Ti4
SnTi5
Ti6
0
1
2
3
4
5
6
0 100 200 300 400 500 600 700 800
"
calc, scaled
 (ppm)
n
 S
n
 N
N
N
(a)
(b)
6.3 
89
Y NMR investigation of Y2SnxTi2–xO7 
 
 138 
 
Figure 6.4: Plot showing the 
89
Y calculated skew,!
calc
 as a function of n Sn NNN. Data points 
were obtained from a series of calculations based on unit cells of Y2Sn2O7, Y2SnTiO7 and Y2Ti2O7 
carried out by Reader et al.
128 
and detailed in Section 3.3.2. 
 
 
Figure 6.5: Plots showing the dependence of the calculated, scaled span, !
calc, scaled
 upon the Y-O48f 
bond distances for different B-site NNN environments. Shown are (a) all six Y-O48f bond distances 
for each Y cation and (b) the average Y-O48f bond distance. Data points were obtained from a 
series of calculations based on unit cells of Y2Sn2O7, Y2SnTiO7 and Y2Ti2O7 carried out by Reader 
et al.
128
 and detailed in Section 3.3.2. 
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Figure 6.6: Plots showing the dependence of the calculated, scaled span, !
calc, scaled
 upon the Y-O8b 
bond distances for different B-site NNN environments. Shown are, (a) all two Y-O8b bond 
distances for each Y cation and (b) the average Y-O8b bond distance. Data points were obtained 
from a series of calculations based on unit cells of Y2Sn2O7, Y2SnTiO7 and Y2Ti2O7 carried out by 
Reader et al.
128
 and detailed in Section 3.3.2. 
 
However, there appears to be no systematic change between all of the different B-
site NNN environments. Therefore, ! cannot be used to aid in the spectral 
assignment. 
It is possible to consider how the value of " depends upon the local geometry 
e.g., upon the bond distances to the neighbouring oxygen atoms. Considering all 
six Y-O48f bond distances for each Y cation as in Figure 6.5a, it is difficult to see 
any correlation of the distances to the value of ". However, if only the average Y-
O48f bond distances are considered as shown in Figure 6.5b, it can be seen that 
there is a weak positive correlation of " with bond distance. More interestingly, 
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when considering all two Y-O8b bond distances for each Y cation as in Figure 6.6a 
and the average of the Y-O8b bond distances shown in Figure 6.6b, there is a clear 
correlation of these distances with the values of the !. Therefore, it is possible, 
once the ! has been measured experimentally, that the Y-O48f and Y-O8b bond 
lengths (in Å) in the local environment can be estimated using the following 
equations, determined from linear best-fit lines of the average bond lengths from 
each separate B-site NNN environment in Figure 6.5b and all of the B-site NNN 
environments in Figure 6.6b, 
 Sn6 Y-O
48f
 bond distance =  !+ 4192( ) /1756  (6.3) 
 Sn5Ti Y-O
48f
 bond distance =  !+ 3765( ) /1618  (6.4) 
 Sn4Ti2 Y-O
48f
 bond distance =  !+ 3185( ) /1415  (6.5) 
 Sn3Ti3 Y-O
48f
 bond distance =  !+ 2667( ) /1232  (6.6) 
 Sn2Ti4 Y-O
48f
 bond distance =  !+ 2863( ) /1336  (6.7) 
 SnTi5 Y-O
48f
 bond distance =  !+1782( ) / 931  (6.8) 
 Ti6 Y-O
48f
 bond distance =  !+ 3458( ) /1626  (6.9) 
 Y-O
8b
 bond distance =  !"12713( ) / "5503.  (6.10) 
 
6.3.2  
89
Y CAPASS spectra 
89Y CAPASS spectra for the Y2SnxTi2–xO7 solid solution are shown in Figure 
6.7 with relevant parameters given in Table 6.2. Details of the experimental pulse 
sequence are discussed in more detail in Section 5.1. The spectra for the two end 
members both display a single sharp resonance and therefore, can be acquired 
with reasonable signal-to-noise levels in only a single day. However, the spectra 
of Y2Sn1.6Ti0.4O7, Y2Sn1.2Ti0.8O7, Y2Sn0.8Ti1.2O7 and Y2Sn0.4Ti1.6O7 which exhibit 
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Figure 6.7: 
89
Y (14.1 T) CAPASS spectra of Y2SnxTi2–xO7 pyrochlores with x = 2.0, 1.6, 1.2, 0.8, 
0.4 and 0.0. Individual experimental parameters for the CAPASS spectra are given in Table 6.2. In 
all cases a pre-saturation train of typically 8-32 pulses separated by a 50 ms delay was used with a 
recycle interval of 10 s. 
 
multiple broad resonances and consequently poorer sensitivity, take ~12.5 days to 
acquire with reasonable signal-to-noise levels. It must be noted that even though 
the experimental times are fairly long, if the experiments were acquired without 
the time saving presaturation train, it could take up to ~70 days to acquire spectra 
of similar quality. 
Owing to the distribution of local environments present in the disordered 
material, it is possible that there might be a distribution of ! within any one 
resonance. However, the low signal-to-noise of the 
89
Y NMR spectra is 
insufficient for these small changes in ! to be reliably measured. Therefore, for 
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Table 6.2: Additional experimental parameters (number of transients averaged, total scaling factor, 
NT, number of additional !-pulse blocks, nPASS, MAS rate in the direct, F2, and indirect, F1, 
dimension, and total experiment time) used for the acquisition of the 
89
Y CAPASS spectra of 
Y2SnxTi2–xO7 pyrochlores shown in Figure 6.7. 
Compound 
Number 
of 
transients  
NT nPASS 
F2 MAS 
rate / 
kHz 
F1 MAS 
rate / 
kHz 
Total 
time / 
hrs 
Y2Sn2O7 442 6.67 1 6 0.9 23 
Y2Sn1.6Ti0.4O7 5746 6.0 1 10 1.67 299 
Y2Sn1.2Ti0.8O7 6084 6.67 1 10 1.5 285 
Y2Sn0.8Ti1.2O7 5356 6.67 1 12 1.8 279 
Y2Sn0.4Ti1.6O7 6396 6.67 1 12 1.8 333 
Y2Ti2O7 442 5.0 1 10 2.0 23 
 
each of the resonances, a sideband manifold was extracted simply from the centre 
(or point of maximum intensity) of the resonance and ! determined. Values are 
given in Table 6.3. The fitting procedure used involved the simulation of the 
CAPASS spectrum, using experimental parameters and rf field strengths, as 
discussed in more detail in Section 5.3.3. It can be seen that, for each of the 
compositions, ! increases as the number of Ti cations in the B-site NNN 
environment increases. Additionally, the values of the minimum rms deviation 
extracted from the fits are given in Table 6.3, giving an indication of the quality of 
the match of the simulated spectrum and the experimental spectrum used in the 
fitting procedure. It can clearly be seen that the resonances with poor signal-to-
noise have higher rms values, reflecting the poorer quality of the experimental 
data. This can be clearly seen in the fits for Y2Sn1.6Ti0.4O7, where the resonances 
assigned to Sn6 and Sn5Ti (which have high signal-to-noise ratios) have relatively 
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Figure 6.8: Two-dimensional contour plots showing the rms deviation from an analytical fitting of 
each sideband manifold in each spectrum shown in Figure 6.7, for values of span, ! and skew, ". 
The rms intensity of the plots has been (arbitrarily) limted to 50.  
 
small values of the rms of 2.6 and 2.3 respectively, whereas that of Sn4Ti2 (which 
has a much lower signal-to-noise ratio) has a higher rms value of 11.6. 
To obtain some indication of the confidence in the fits, contour plots of the rms 
deviation associated with varying values of ! and " were created as shown in 
Figure 6.8. To obtain these contour plots, a range of fits were carried out with 
fixed ! and " (but varying intensity) to determine how the rms varied with these 
parameters. As the rms deviation is technically a limitless parameter, the plot has 
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been arbitrarily terminated at a value of 50. As expected, as the Ti content in the 
B-site NNN environment increases, the number of possibilities of ! with a 
similarly low rms deviation greatly increases. A similar result was obtained when 
considering only the two end members, as also shown in Figure 6.8. 
 
6.3.3  Assignment of 
89
Y NMR CAPASS spectra using DFT calculations 
The combination of the information from the 
89
Y DFT calculations shown in 
Figure 6.3 and the experimental data extracted from the 
89
Y CAPASS spectra in 
Figure 6.7 and Table 6.3 is shown in Figure 6.9. It is now possible to use the DFT 
calculations (scaled to match "iso and ! for the two pyrochlore end members) to 
assign the CAPASS spectra based on the values of both parameters.  
The agreement between the experimental and calculated shielding parameters 
for the Y2SnxTi2–xO7 solid solution is generally good considering the challenging 
nature and low sensitivity of the experiments. For the resonances with low signal-
to-noise ratios, poorer fits were obtained with much higher rms deviations. 
Therefore, considering the quality of the experimental spectra for these 
resonances in particular, there is still a reasonably good agreement between the 
experimental and calculated shielding parameters. Although the measurement of 
! (shown in Figure 6.9 and listed in Table 6.3) has a margin of error that varies 
from ±10 to ±41 ppm, the accuracy is still sufficient to indicate the relative 
magnitude of ! and the magnitude of the change for the different B-site NNN 
environments and to differentiate between them. 
Returning to the problem outlined in Section 6.1, in the 
89
Y NMR spectra of 
Y2Sn2O7 and Y2Sn0.8Ti1.2O7 shown in Figure 6.1b, the resonances assigned to Sn6 
and 5SnTi environments have almost identical "iso of 148 and 146 ppm, 
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Figure 6.9: Plot showing the calculated, scaled 
89
Y shielding parameters, isotropic shift, !
iso
calc, scaled
 
and span, !
calc, scaled
 shown in Figure 6.3. The data points are coloured to denote the specific B-site 
NNN environments. Overlaid are the experimental 
89
Y shielding parameters, !iso and " extracted 
from the CAPASS spectra shown in Figure 6.7 and given in Table 6.3. Also shown in separate 
plots above, are the rms deviations associated with the best fits for each resonance. 
 
respectively. However, " for these two resonances is significantly different with 
values of 209 and 288 ppm respectively. Therefore, the ambiguity in the 
assignment is eradicated. The results shown in Figure 6.9 ultimately confirm the 
tentative assignment proposed previously, based upon only the measurement of 
!iso.
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6.3.4  
89
Y CAPASS spectrum of Y2Sn0.8Ti1.2O7 at 20.0 T 
One possible solution that can address the challenges of sensitivity for low-! 
nuclei, is to move to higher external magnetic field strengths, B0, as the sensitivity 
of NMR is generally taken to be dependant upon B
0
3/2 .
194
 An additional benefit is 
that moving to higher external magnetic field strengths will generally result in an 
increase in resolution. However, for the MAS experiments carried out for 
Y2Sn0.8Ti1.2O7 at B0 = 14.1 and 20.0 T shown in Figure 6.10, there was no 
significant increase in sensitivity or resolution. This was primarily due to the 
linewidth of the resonances resulting from a distribution of chemical shifts, 
reflecting the distribution of local environments. Therefore, these are independent 
(in ppm) of B0, resulting in no resolution gain. Any increase in the sensitivity 
obtained at higher B0, appeared to be mostly offset by the increased linewidth (in 
Hz), which resulted in no significant increase in the signal. Additionally, the 
increased shielding anisotropy (in Hz) results in more spinning sidebands under 
MAS, as " for Y2Ti2O7 increases from 17.5 to 24.8 kHz as B0 is increased from 
14.1 to 20.0 T. This would also have a negative impact on the effectiveness of the 
CAPASS experiment, which was shown to perform best at higher #1/"Hz 
conditions. 
The CAPASS spectrum of Y2Sn0.8Ti1.2O7 was acquired at 20.0 T (averaging 
4654 transients for each of the 16 t1 increments with a recycle interval of 5 s) in a 
total time of 139 hrs. The shorter experimental time in comparison with the 14.1 T 
spectrum obtained in Figure 6.7, (279 hrs), was due to the time limitations at the 
national facility. Therefore, the shorter experimental time and the lack of any 
significant increase in the peak height, resulted in a spectrum with an overall 
poorer signal-to-noise ratio than that obtained at 14.1 T. For each of the 
resonances, a sideband manifold was extracted and " determined with values 
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Figure 6.10: 
89
Y MAS NMR spectra of Y2Sn0.8Ti1.2O7 at B0 = 14.1 T and 20.0 T. The spectra are 
the result of averaging 248 transients with a recycle interval of 300 s and a MAS rate of 14 kHz. In 
each case pulse flip angles of 30° were employed. Rf field strengths of 23 kHz and 26 kHz were 
used at 14.1 T and 20.0 T, respectively. 
 
Table 6.4: Values of !iso, and ", extracted from the 
89
Y MAS and CAPASS spectra of 
Y2Sn0.8Ti1.2O7 at B0 = 20.0 T. Shown alongside are the corresponding minimum root-mean-square 
(rms) deviation. 
NNN environment !iso (ppm) " (ppm) rms 
Sn5Ti 146 347 ± 23 69.6 
Sn4Ti2 127 437 ± 28 44.9 
Sn3Ti3(a) 115 414 ± 36 16.6 
Sn3Ti3(b) 106 579 ± 33 30.7 
Sn2Ti4 95 621 ± 28 29.1 
SnTi5 81 790 ± 50 28.0 
Ti6 66 413 ± 27 56.7 
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Figure 6.11: Plot showing the 
89
Y calculated, scaled  chemical shift, !
iso
calc, scaled
 and span, !
calc, scaled
 
shown in Figure 6.3. The data points are coloured to denote the specific B-site NNN environments. 
Overlaid are the 
89
Y experimental isotropic chemical shift, !iso, and span, " extracted from the 
CAPASS spectra of Y2Sn0.8Ti1.2O7 at 14.1 T and 20.0 T, given in Tables 6.3 and 6.4 respectively. 
Also shown in separate plots above, are the rms deviations associated with the best fits for each 
resonance. 
 
given in Table 6.4 alongside the corresponding minimum rms deviations. The 
fitting procedure used involved the simulation of the CAPASS spectrum, with 
experimental parameters, rf field strengths and B0 field strengths, as discussed in 
more detail in Section 5.3.3. The values of !iso and " obtained from the 
89
Y 
spectra of Y2Sn0.8Ti1.2O7 at B0 = 14.1 and 20.0 T are shown in Figure 6.11 
overlaid on the results of the DFT calculations as discussed previously in Figure 
6.3. It is clear that the poor signal-to-noise ratio of the CAPASS spectrum 
obtained at 20.0 T results in much higher rms deviations than those obtained at 
14.1 T (also given in Table 6.3). This is reflected in the poor agreement of the two 
sets of values, with the values of " obtained at 20.0 T largely overestimated in 
most cases in comparison to those obtained 14.1 T, and in some cases completely 
different from the results obtained using DFT. The poorer signal-to-noise ratio of  
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Figure 6.12: Two-dimensional contour plots showing the rms deviations of an analytical fitting of 
each sideband manifold in the 
89
Y CAPASS spectra of Y2Sn0.8Ti1.2O7 at 14.1 T and 20.0 T for 
varying values of span, ! and skew, ". The rms intensity scale has been (arbitrarily) limted to 50. 
 
the 20.0 T spectrum is also seen in the contour plots of the rms error shown in 
Figure 6.12, where much higher rms values are generally observed. The contour 
plots were obtained from a range of fits that were carried out with fixed ! and " 
(but varying intensity) to determine how the rms error varied with these 
parameters. 
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6.3.5  
89
Y NMR conclusions 
The 
89
Y DFT calculations for the Y2SnxTi2–xO7 solid solution showed that for 
!iso and " there was a clear correlation with the B-site NNN environment. 
However, there was no such trend observed for #. Therefore, only !iso and " were 
used to assign the experimental resonances. Additionally, a good agreement was 
obtained between the experimental and calculated values of !iso and ", 
considering the challenging nature of the experiments. The assignment of the 
89
Y 
MAS spectra that was previously made using !iso only, was also confirmed by the 
results obtained in this chapter. 
Owing to the low receptivity and the low rf field strengths available for 
89
Y 
NMR, it was not possible to obtain the high level of accuracy found in previous 
work with 
13
C and 
31
P NMR
173,174
 which was sufficient to measure both " and # 
with a high reliability. However, the accuracy obtained for the measurement of " 
with 
89
Y was still sufficient to differentiate between the different B-site NNN 
environments. Attempts to increase the quality of the experimental data by using 
higher external magnetic field strengths showed that any increase in the sensitivity 
gained at higher B0, appeared to be offset by the increased linewidth (in Hz), 
which resulted in no significant increase in the peak height signal. 
DFT calculations showed that not only was " a sensitive probe of the local 
structure, it could also be directly correlated to the local geometry to obtain 
estimations of the average Y-O8b and Y-O48f bond distances for each of the B-site 
NNN environments. Therefore, for each resonance in the 
89
Y NMR spectra where 
" could be accurately measured, an estimation of the average Y-O8b and Y-O48f 
bond distances could also be obtained, information that is impossible to extract 
from diffraction measurements, where only an average structure is considered. 
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In previous work
125,128
 the assignment of the 
89
Y NMR spectra of Y2SnxTi2–xO7 
was based upon !iso only. Based upon this assignment, the integrated intensities of 
the B-site NNN environments were compared to the predicted intensities that 
would be obtained if the Sn and Ti cations were randomly distributed throughout 
the B-sites. Therefore, as the previous assignment was confirmed through the 
measurement of the ", the conclusions about the ordering of the Sn and Ti cations 
were also confirmed. 
 
6.4  
119
Sn NMR investigation of Y2SnxTi2–xO7 
6.4.1  
119
Sn DFT calculations
 
 
In Section 4.3 it was shown that DFT calculations of the 
119
Sn !iso could 
successfully be used to understand the 
119
Sn MAS spectra of the Y2SnxTi2–xO7 
solid solution. The 
119
Sn NMR parameters for a range of different B-site NNN 
environments were calculated in a similar manner to previous work using 
89
Y 
NMR
128
 described in Section 3.3.2, using a Y2Sn2O7 pyrochlore unit cell. Plotting 
!iso for all of the Sn cations in the unit cell as a function of the B-site NNN 
environment showed that the ranges of chemical shifts observed for the Sn6, 
Sn5Ti and Sn4Ti2 environments were slightly shifted upfield, but the magnitude 
of the change decreased as the Ti content increased, resulting in significant 
spectral overlap. Therefore, considering the difficulty in using !iso to assign the 
resonances, an alternative approach using " could be used. 
The calculated " for all of the Sn cations in the unit cell described and utilised 
in Section 4.3.4 are shown as a function of n Sn NNN in Figure 6.13a. In a trend 
similar to that which was found for !iso, as the Ti content in the B-site NNN 
environment is increased, the ranges of " slightly increase from Sn6 to Sn5Ti by 
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Figure 6.13: Plots showing 
119
Sn (a) calcuated span, !
calc
 as a function of n Sn NNN and (b) 
calculated isotropic chemical shift, !
iso
calc
 as a function of the calculated span, !
calc
. Data points 
were obtained from a series of calculations based on unit cells of Y2Sn2O7, Y2SnTiO7 and Y2Ti2O7 
detailed in Section 4.3.4. 
 
~8 ppm and from Sn5Ti to Sn4Ti2 by ~6 ppm. For the B-site NNN environments 
from Sn4Ti2 to Ti6, it appears that there is no further increase of the range of the 
average magnitude of !. Therefore, when ! is considered as a function of "iso, 
shown in Figure 6.13b, it is clear that neither "iso or ! can be used to clearly 
assign the Sn4Ti2 to Ti6 environments. 
In Section 6.3.1 it was shown that using 
89
Y NMR, !
calc, scaled
 could be 
correlated with the Y-O48f and Y-O8b bond lengths. Therefore, the correlation of 
!
calc
 with the Sn-O48f bond lengths was also considered. Unfortunately, as shown  
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Figure 6.14: Plot showing the variation of the 
119
Sn calculateld span, !
calc
 as a function of the 
average of the Y-O48f bond distances for different B-site NNN environments. Data points were 
obtained from a series of calculations based on unit cells of Y2Sn2O7, Y2SnTiO7 and Y2Ti2O7 
detailed in Section 4.3.4. 
 
in Figure 6.14, there is no clear identifiable relationship between !
calc
 and the 
average Sn-O48f bond lengths. 
A final issue, when carrying out 
119
Sn DFT calculations for the Y2SnxTi2–xO7 
solid solution, is the inability to scale the calculated !iso and " to account for any 
systematic DFT error, as described above in Section 6.3.1 for 
89
Y calculations of 
the Y2SnxTi2–xO7 solid solution, owing to the lack of two well-defined end 
members in this case. Therefore, no direct comparison between experimental and 
calculated results can be made.  
 
6.4.2  
119
Sn CAPASS spectra 
119
Sn CAPASS spectra were only acquired for Y2Sn2O7 and Y2Sn16Ti0.4O7 as 
shown in Figure 6.15 as they exhibit well-resolved resonances in a simple MAS 
the NMR spectrum and so provide the best possibility of extracting useful 
information. As discussed in Section 5.3.5, in the 
119
Sn NMR spectra of Y2Sn2O7, 
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Figure 6.15: 
119
Sn (14.1 T) CAPASS spectra of Y2Sn2O7 and Y2Sn1.6Ti0.4O7. Spectra were acquired 
with a F2 MAS rate of 10 kHz, effective F1 MAS rates of 2 and 1.7 kHz, NT of  5 and 6 and nPASS 
of 1 for Y2Sn2O7 and Y2Sn1.6Ti0.4O7, respectively. Spectra are the result of averaging 52 and 156 
transients acquired with a pre-saturation train of 32 and 12 pulses separated by a 50 ms delay with 
a recycle interval of 30 and 60 s for Y2Sn2O7 and Y2Sn1.6Ti0.4O7 respectively. Spinning sidebands 
are indicated by an asterisk. 
 
Table 6.5: Values of the 
119
Sn isotropic shift, !iso, and span, ", and corresponding root-mean-
square (rms) deviation extracted from the CAPASS spectra for Y2Sn2O7 and Y2Sn1.6Ti0.4O7 shown 
in Figure 6.15. 
Compound NNN environment !iso (ppm) " (ppm) rms 
Y2Sn2O7 Sn6 –582 46 ± 5 1.6 
Y2Sn1.6Ti0.4O7 Sn6 –578 48 ± 3 5.0 
 Sn5Ti –586 56 ± 4 1.0 
 Sn4Ti2 to Sn2Ti4 –593 63 ± 4 2.4 
 
as the #1/"Hz obtained was a high value of 11.3, it was anticipated that there 
would be no distortions to the sideband manifold produced by the CAPASS 
experiment. Therefore, they can be fitted simply by comparison to simulations of 
the ideal MAS spectra. The values of " extracted from the spectra are given in 
Table 6.5. In the 
89
Y NMR spectrum of Y2Sn16Ti0.4O7 shown in Figure 6.15, the  
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Figure 6.16: Two-dimensional contour plots showing the rms deviation of an analytical fitting of 
each sideband manifold in each spectrum shown in Figure 6.15, for values of span, ! and skew, ". 
The rms intensity has been (arbitrarily) limted to 50.  
 
resonance at –578 ppm is assigned to a Sn6 environment, that at –586 ppm is 
assigned to a Sn5Ti environment and the resonance at –593 ppm is assigned to a 
combination of Sn4Ti2 to Sn2Ti4 environments, although this is to expected to be 
predominantly Sn4Ti2. The values of ! obtained from CAPASS increase by 8 
and 7 ppm for each of the three resonances. The contour plots of the rms error 
resulting from the fits are shown in Figure 6.16, where low minimum rms 
deviations are found for each resonance. 
On all previous occasions when processing CAPASS spectra, the sideband 
manifold was extracted parallel to F1 at the highest point of each of the resonances 
in F2. However, in a disordered material, it might be expected that there would be 
a change in ! as #iso varies. Evidence of a similar trend can be seen in the 
89
Y 
DFT calculations shown in Figure 6.9, where it can be seen that for the Sn rich 
environments in particular, ! increases with decreasing #iso for each specific B-
site NNN environment. However, in the 
119
Sn DFT calculations shown in Figure 
6.13b, the smaller increase in ! with decreasing #iso, hinders the observation of a 
similar trend. 
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Figure 6.17: Values of span, !, extracted from the 
119
Sn CAPASS spectrum of Y2Sn1.6Ti0.4O7 
shown in Figure 6.15. Each value was extracted from sideband manifolds taken at increments of 
0.5 ppm around the maxima of each resonance. The 
119
Sn MAS spectrum of Y2Sn1.6Ti0.4O7 
described in Section 4.3.1 and shown in Figure 4.1a is also shown for reference. 
 
As the 
119
Sn CAPASS spectra exhibit a much higher signal-to-noise ratio than 
that found for 
89
Y CAPASS spectra, a more detailed analysis of ! across a 
resonance can be considered for Y2Sn16Ti0.4O7. The resulting values of ! obtained 
from the fits are overlaid on the 
119
Sn MAS spectrum in Figure 6.17. For the Sn6 
and Sn5Ti resonances there is a clear increase in the magnitude of ! as "iso 
decreases. For the resonance that is presumed to contain Sn4Ti2 to Sn2Ti4 
environments, there is a negligible change in the magnitude of !, confirming the 
trend shown in Figure 6.13b, that Sn4Ti2 and Ti6 environments possess similar 
values of !. However, the poorer signal-to-noise ratio observed for this resonance 
suggests that this result should be treated with some caution. This does suggest, 
however, that this approach may be of use when investigating disordered 
materials provided sufficient signal-to-noise ratios are obtained. 
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6.4.3  
119
Sn NMR conclusions 
The DFT calculations for the Y2SnxTi2–xO7 solid solution showed that for !iso 
and " there is a considerable amount of overlap of the NMR parameters predicted 
for the different B-site NNN environments, with only the Sn6 and Sn5Ti assigned 
based solely upon the values of !iso. Although there is considerable overlap 
between the ranges of " obtained for the different B-site NNN environments, 
there is however a small but noticeable increase in the magnitude of " as the Ti 
content of the B-site NNN environment increases. Therefore, even though an 
exact comparison between the 
119
Sn NMR parameters obtained using DFT 
calculations and measured from experimental spectra is difficult, the general 
trends found are consistent between the two. 
As the signal-to-noise levels of the 
119
Sn CAPASS spectra were sufficiently 
high, a more detailed study of the variation of " across a resonance could be 
carried out. Rather than just taking one measurement per resonance and 
determining the average value of ", a series of measurements were taken across 
each resonance. As there is B-site disorder present in Y2SnxTi2–xO7, although each 
resonance will have an identical local B-site NNN environment, there will be 
different long-range environments, resulting to smaller changes to the NMR 
parameters. Evidence of this was confirmed using the Sn6 and Sn5Ti resonances 
in Y2Sn16Ti0.4O7, where a gradual increase in " was found across each resonance. 
 
6.5  Conclusions 
A multinuclear investigation of the Y2SnxTi2–xO7 solid solution was carried out 
to determine the ordering of the B-site cations. An initial study using 
89
Y NMR 
was performed, where the resonances obtained were assigned based on the values 
of !iso only. After this tentative assignment of the resonances, the proportions of 
the different B-site NNN environments were used to determine that the Sn and Ti 
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cations were randomly distributed throughout the B-sites.
125,128
 However, it was 
also determined that the exact value of !iso found for any B-site NNN environment 
varied depending on the composition of the Y2SnxTi2–xO7 pyrochlore. As an 
assignment based upon !iso only could be prone to error, the use of a second NMR 
parameter, such as ", could confirm the assignment and, therefore, the conclusion 
that the Sn and Ti cations are randomly distributed throughout the B-sites.  
DFT calculations showed that both the 
89
Y !iso and " could be used to assign 
the spectral resonances to n Sn NNN environments. Therefore, the 
89
Y CAPASS 
spectra of the Y2SnxTi2–xO7 solid solutions were acquired to determine " for each 
resonance. Through a direct comparison between the calculated, scaled NMR 
parameters and the experimentally measured NMR parameters, the initial 
assignment based upon !iso was confirmed. Additionally, information on the local 
structural could be obtained as the DFT calculations showed that measurement of 
" could be used to determine the average Y-O48f and Y-O8b bond lengths, 
something that would be impossible to determine from diffraction measurements. 
A similar investigation was also attempted with 
119
Sn NMR. Unfortunately, 
due to the considerable overlapping between the calculated ranges of !iso and " 
obtained for the different B-site NNN environments, the information that could be 
extracted from the 
119
Sn NMR spectra was limited. However, due to the higher 
signal-to-noise levels obtained for the 
119
Sn NMR spectra in comparison to the 
89
Y NMR spectra, a more detailed analysis of a CAPASS spectrum was possible. 
In the 
119
Sn CAPASS spectrum of Y2Sn16Ti0.4O7, " gradually increased with 
decreasing !iso across a spectral resonance. Therefore, if the signal-to-noise of the 
89
Y CAPASS spectra could be increased to much higher levels, a similar 
investigation could be carried out in the future. This would also be useful in the 
investigation of more complex disordered materials that exhibit broad featureless 
spectral lineshapes. 
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  7  
 Investigation of ordered and disordered 
phases in Y2SnxZr2–xO7 and Y2TixZr2–xO7  
  
 
 
7.1  Introduction 
As stated in Section 3.1.1, the formation of pyrochlore or defect fluorite is 
closely linked to the cation radius ratio rA/rB. For Y2Sn2O7, Y2Ti2O7 and Y2Zr2O7, 
the rA/rB ratios are 1.48, 1.68 and 1.42, respectively. As the ratios for Y2Sn2O7 
and Y2Ti2O7 are between 1.46 and 1.78 these two materials are expected to form 
pyrochlore phases, while as the rA/rB ratio for Y2Zr2O7 is below 1.46 it is expected 
to have a defect fluorite structure. The relative B-site cation radius ratios for 
Y2SnxZr2–xO7 and Y2TixZr2–xO7 are shown in Figure 7.1. From this plot, the point 
at which the transformation from pyrochlore to defect fluorite can be determined, 
and is expected to occur at Y2Sn1.5Zr0.5O7 and Y2Ti0.4Zr1.6O7, assuming a 
complete solid solution is formed. 
It was shown that 
89
Y NMR (discussed in Section 3.3 and 6.3), and to a lesser 
extent 
119
Sn NMR (discussed in Section 4.3 and 6.4), proved invaluable in the 
analysis of disorder in the Y2SnxTi2–xO7 solid solution. At the time of writing, 
there is no published NMR investigation of Y2SnxZr2–xO7, and only a 
17
O NMR 
investigation of limited compositions of Y2TixZr2–xO7 carried out by Kim et al.
158
 
using 
17
O enriched Y2Ti1.4Zr0.6O7, Y2Ti0.4Zr1.6O7 and Y2Zr2O7. It was found that 
when analysing the 
17
O NMR spectra of 
17
O enriched Y2SnxTi2–xO7, the intensities 
of the resonances that were assigned to Y4, Y2Sn2, Y2SnTi and Y2Ti2 local (i.e., 
NN) environments, were broadly consistent with what would be expected for each 
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Figure 7.1: Plot of the cation radius ratio, rA/rB, as a function of x for compositions of Y2BxZr2–xO7, 
where B = Sn or Ti. A dashed line is shown at rA/rB = 1.46, which marks the expected transition 
between pyrochlore (rA/rB = 1.46-1.78) and the defect fluorite (rA/rB < 1.46) phases. 
 
composition, indicating uniform 
17
O enrichment. It was also reported that the 
intensities of the resonances found in the 
17
O NMR spectrum of Y2Ti1.4Zr0.6O7 
were in good agreement with those that would be predicted for a pyrochlore 
structure which exhibits random mixing of Ti and Zr cations on the B-sites and no 
A/B-site mixing. The intensities of the resonances found for Y2Ti0.4Zr1.6O7 
however, didn’t match those that would be predicted for a pyrochlore or a defect 
fluorite, most likely indicating the presence of A/B-site mixing and, therefore, a 
disordered structure. Finally, the intensities of the resonances found in the 
17
O 
spectrum for Y2Zr2O7 were not in agreement with the intensities which would be 
predicted for complete A/B-site mixing, as expected in a completely disordered 
defect fluorite. This indicates that there may still be some form of preferential 
association of the anions and the cations in Y2Zr2O7. 
A neutron diffraction study of Y2TixZr2–xO7 carried out by Heremans et al.,
195
 
reported that from Y2Ti2O7 to Y2Ti0.8Zr1.2O7, all of the Y cations remain on the A-
sites, with Zr and Ti mixed on the B-sites. Mixing of the Y, Zr and Ti cations over 
the A/B-sites was shown to take place from Y2Ti0.8Zr1.2O7 to Y2Ti0.2Zr1.8O7, and 
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Figure 7.2: Local environment around the 8a, 8b and 48f positions in the pyrochlore structure, 
showing the proximity of the 8b and 48f oxygen anions to the 8a vacancy. 
 
from Y2Ti0.2Zr1.8O7 to Y2Zr2O7 there appears to be complete mixing of the 
cations, as would be expected for a defect fluorite structure. It was also reported 
that when a relatively small amount of Zr is introduced, anion disorder starts to 
occur, initially by the vacant pyrochlore 8a positions being filled by the 
neighbouring O48f anions. Three 7 Å diameter clusters around the pyrochlore 8a, 
8b and 48f positions are shown in Figure 7.2. It is clear that within a distance of 
3.5 Å, the 8a vacancy is surrounded by O48f anions and the O8b anion has no 
nearby 8a vacancies. Therefore, it is likely that, initially, only the O48f anions can 
move to the nearby 8a vacancies, and later, the O8b anions can presumably move 
into these newly formed 48f vacancies. Heremans et al.195 also proposed that the 
movement of the O8b anions began at Y2Ti1.1Zr0.9O7, leading to complete mixing 
of the anion sites, with 3/8 occupancy of the 8a, 8b and 48f sites as expected in a 
defect fluorite, at Y2Ti0.2Zr1.8O7. A single phase pyrochlore was found at Y2Ti2O7 
and a single phase defect fluorite was found from Y2Ti0.2Zr1.8O7 to Y2Zr2O7. This 
is in agreement with other diffraction studies196 which determined that Y2Zr2O7 
had a defect fluorite structure. Wuensch et al.195 also proposed that in between 
these pure phase compositions, alongside the pyrochlore phase there was also a 
coexisting fluorite-like phase, which increased proportionally with the Zr content. 
Specifically, for Y2Ti1.2Zr0.8O7 this fluorite phase was found to account for 10-
12% of the composition. 
8a cluster 8b cluster 48f cluster
A16d
B16c
O48f
!
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A X-ray and neutron diffraction study of Y2SnxZr2–xO7, was also carried out by 
Wuensch et al.
197
 Unfortunately, the analysis was extremely difficult due to the 
similarity in scattering power for all the cation species. Although, larger errors are 
reported for the data, the trends found for the cation and anion ordering were 
similar to those found in Y2TixZr2–xO7. Specifically, in Y2Sn1.6Zr0.4O7 10% of the 
total Sn was found on the A-site, while in Y2Sn0.4Zr1.6O7 this rose to 31%. As
 
observed for Y2TixZr2–xO7,
195
 in Y2SnxZr2–xO7 there was also evidence of a 
fluorite-like phase coexisting alongside a pyrochlore phase. 
Owing to differences in synthesis conditions, the Y2SnxZr2–xO7 and  
Y2TixZr2–xO7 phases studied in this work are unlikely to be completely identical to 
those studied by Kim et al. and Wuensch et al., as the annealing time and 
temperature will most likely affect the order/disorder of the cations and anions. 
Therefore, although the results in this study are not expected to be completely 
identical to past studies, it may be anticipated that the general trends will be 
similar. At present, diffraction studies of the samples of Y2SnxZr2–xO7 and 
Y2TixZr2–xO7 studied in this chapter are still in progress by Dr K. R. Whittle and 
collaborators in Sheffield, UK and ANSTO, Australia. 
Using solid-state NMR, there are a variety of nuclei available to investigate 
Y2SnxZr2–xO7 and Y2TixZr2–xO7. These are given in Table 7.1, along with some 
relevant nuclear properties. For the Y2SnxTi2–xO7 solid solution it was shown in 
Section 4.4 that 
17
O NMR is only feasible if 
17
O enrichment has been carried out. 
It was also shown in Section 4.5 that 
47/49
Ti NMR was both time consuming and 
complicated, due to the presence of both the 
47
Ti and 
49
Ti resonances in the 
spectra, the low receptivity of each isotope and the quadrupolar broadened 
lineshapes. However, 
89
Y NMR (shown in Sections 3.3 and 6.3) and 
119
Sn NMR 
(shown in Sections 4.3 and 6.4) were found to provide the most informative 
spectra in a relatively straightforward manner. Therefore, 
17
O and 
47/49
Ti NMR
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Table 7.1: The spin quantum number, natural abundance, gyromagnetic ratio, quadrupole moment 
and receptivity at natural abundance, NA (relative to 
13
C) of NMR isotopes present in  
Y2SnxZr2–xO7 and Y2TixZr2–xO7. 
 I NA (%) ! / 10
7
 rad s
–1
 T
–1
 Q / fm
2
 RNA (
13
C) 
17
O 5/2 0.04 –3.6281 –2.56 6.50"10
–2
 
47
Ti 5/2 7.44 –1.5105 30.20 9.18"10
–1
 
49
Ti 7/2 5.41 –1.5110 24.70 1.20 
89
Y
 
1/2 100 –1.3163  7.00"10
–1
 
91
Zr
 
5/2 11.22 –2.4974 –17.6 6.26 
115
Sn
 
1/2 0.34 –8.8013  7.11"10
–1
 
117
Sn 1/2 7.68 –9.5888  2.08"10
1
 
119
Sn 1/2 8.59 –10.0317  2.66"10
1
 
 
were not attempted for Y2SnxZr2–xO7 or Y2TixZr2–xO7 and instead, the two  
I = 1/2 nuclei, 
89
Y and 
119
Sn, were used. Additionally, 
91
Zr NMR was investigated 
to determine the feasibility of its use for the study of Y2SnxZr2–xO7 and  
Y2TixZr2–xO7. 
 
7.2 Experimental parameters 
7.2.1 NMR spectroscopy 
89
Y and 
119
Sn NMR spectra were acquired using a Bruker AVANCE III 600 
MHz spectrometer equipped with a 14.1 T widebore magnet, operating at a 
Larmor frequency of 29.408 MHz for 
89
Y and 223.79 MHz for 
119
Sn. 
91
Zr NMR 
spectra were acquired using a Bruker AVANCE III 850 MHz spectrometer 
equipped with a 20.0 T widebore magnet, operating at a Larmor frequency of 
55.790 MHz for 
91
Zr. 
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89
Y NMR experiments were carried out using a commercial “low-!” 4 mm HX 
probe with a rf field strength of 23 kHz. Samples were packed into 4 mm Si3N4 
rotors to avoid any potential Y background signal, which would be present in a 
conventional ZrO2 rotor. Chemical shifts are shown in ppm relative to the primary 
reference 1 M YCl3 (aq), measured using a secondary solid reference of Y2Ti2O7 
at 65 ppm.
122
 
119
Sn NMR experiments were carried out using a commercial 3.2 mm HX 
probe with a rf field strength of 111 kHz. Samples were packed into conventional 
3.2 mm ZrO2 rotors. Chemical shifts are shown in ppm relative to the primary 
reference (CH3)4Sn (l), measured using a secondary solid reference of SnO2 at 
–604.3 ppm.
129
  
91
Zr NMR experiments were carried out using a commercial “low-!” 4 mm HX 
probe with a rf field strength of 23 kHz. Samples were packed into 4 mm Si3N4 
rotors to avoid any potential Zr background signal, which would be present in a 
conventional ZrO2 rotor. Chemical shifts are shown in ppm relative to the 
“secondary” solid reference BaZrO3 which was referenced to 0 ppm, following 
the convention of Dec et al.
132
 The chemical shifts may still, however, be back 
referenced to either of the primary references in literature where BaZrO3 is found 
at 316 ppm
198
 using a saturated solution of Cp2ZrCl2 in CH2Cl2 and 208.1 ppm
198
 
using a saturated solution of Cp2ZrBr2 in THF. 
For 
89
Y, 
119
Sn and 
91
Zr NMR experiments, preacquisition delays of 80, 10 and 
30 µs respectively, were used. The integrated intensities of the spectral resonances 
were determined using Dmfit.
133
 Fitting of the experimental spinning sideband 
manifolds was carried out using SIMPSON
16
 by comparison to a simulation of the 
CAPASS experiment using experimental parameters and conditions as far as 
possible. The rms error quoted is that outputted by SIMPSON and defined in the 
SIMPSON manual.
175
 The details of this fitting procedure are discussed in more 
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detail in Section 5.3.3. Other relevant NMR experimental parameters are given in 
the text and figure captions. The errors of the chemical shifts quoted are expected 
to be ±1 ppm. 
 
7.2.2 DFT calculations 
All calculations were carried out using the CASTEP DFT code, running on the 
EaStCHEM Research Computing Facility Cluster or the St Andrews 
Magnetohydrodynamics (MHD) Cluster, with a k-point spacing of 0.05 Å–1 and a 
cut-off energy of 50 Ry. Geometry optimisations of atomic coordinates and unit 
cell parameters were carried out in all cases, before the calculation of NMR 
parameters. The calculated isotropic shift, !
iso
calc
 =  "
ref
# "
iso
calc( ) , was converted 
from the calculated isotropic shielding using a reference shielding value. For 89Y a 
reference shielding of 2642.5 ppm was determined from the average of the two 
calculated chemical shieldings and experimentally measured chemical shifts of 
Y2O3. Similarly, for 
119Sn, the reference shielding of 2435.4 ppm was determined 
using SnO2 and for 
91Zr, the reference shielding of 1483.1 ppm was determined 
using BaZrO3. 
 
7.2.3  Sample preparation 
The Y2SnxZr2–xO7 and Y2TixZr2–xO7 samples prepared by Dr Karl Whittle were 
formed first heating stoichiometric amounts of Y2O3, SnO2, TiO2 and ZrO2 (Alfa-
Aesar, 99.5%) to 850 °C for 10 hours to completely remove any H2O and CO2 
before attrition milling using ZrO2 balls and cyclohexane. After drying at 250 °C, 
the resultant powders were then pressed into pellets using cold uniaxial pressing at 
200 bar. Samples were then heated at 1500 °C for 168 hours (at a ramp rate of 5 
°C min–1) followed by cooling in the furnace at ~20 °C min–1. 
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7.3  
89
Y NMR investigation of Y2SnxZr2–xO7 
7.3.1  
89
Y NMR spectra 
The 
89
Y NMR spectra of Y2SnxZr2–xO7 are shown in Figure 7.3, acquired using 
a mixture of spin echo and CPMG experiments. Spectra for compositions with 
higher Sn content exhibit sharp resonances and can easily be acquired with a 
simple spin echo on a reasonable timescale. However, spectra for the more 
disordered compounds with higher Zr content exhibit broader resonances that 
require the use of CPMG to acquire the spectra in a reasonable experimental time. 
In the 
89
Y NMR spectrum of the pyrochlore Y2Sn2O7, there is a single sharp 
resonance at 149 ppm, confirming the presence of the expected single Sn6 NNN 
environment in a well-ordered pyrochlore phase. In the 
89
Y NMR spectrum of 
Y2Sn1.8Zr0.2O7, three sharp resonances are observed at 148, 123 and 99 ppm. 
Based on the observations from 
89
Y NMR spectra of the Y2SnxTi2–xO7 solid 
solution
125
 discussed in Section 3.3, the additional resonances might be expected 
to arise from differing B-site NNN environments. Therefore, it is presumed that 
the sharp resonances found at 148, 123 and 99 ppm in the 
89
Y NMR spectrum of 
Y2Sn1.8Zr0.2O7 are from a pyrochlore with Sn6, Sn5Zr and Sn4Zr2 B-site NNN 
environments, respectively. As the Zr content of Y2SnxZr2–xO7 is increased, there 
is no evidence of any additional pyrochlore resonances further upfield, although it 
becomes more difficult to detect their presence due to the increasing intensity of a 
broad resonance. Additionally, the pyrochlore resonances appear increasingly 
broadened as the Zr content increases, possibly as a result of an increase in the 
longer range disorder as the B-sites become occupied by Sn and Zr. 
In Y2Zr2O7, which is expected to adopt the defect fluorite structure, complete 
cation and anion/vacancy disorder is anticipated. It is possible, therefore, that Y 
can exhibit coordination numbers of 8 and lower, presumably only 8, 7 and 6 
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Figure 7.3: 
89
Y (14.1 T) MAS NMR spectra of Y2SnxZr2–xO7 with x = 2.0, 1.8, 1.6, 1.4, 1.2, 1.0, 
0.8, 0.6, 0.4, 0.2 and 0.0. Spin echo spectra are the result of averaging between 80 and 2528 
transients and CPMG spectra are a result of averaging between 36 and 750 transients consisting of 
600 to 1000 echoes with a spikelet frequency-domain spacing of 167 Hz. Recycle intervals of 
between 100 and 300 s were employed with a MAS rate of 14 kHz. 
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Figure 7.4: Plot showing the integrated intensities of the resonances attributed to 8 coordinate Y 
(YO8) with Sn6, Sn5Zr and Sn4Zr2 NNN environments in a pyrochlore-like phase and the 
resonances attributed to 8, 7 and 6 coordinate Y (YO8, YO7 and YO6, respectively) in a disordered 
phase as a function of x for Y2SnxZr2–xO7. 
 
coordinate (also referred to as YO8, YO7 and YO6 in this chapter). The three broad 
resonances found in the 
89
Y NMR spectrum of Y2Zr2O7 at 290, 185 and 78 ppm 
are assigned to 6, 7 and 8 coordinate Y, respectively, based on the chemical shift 
ranges for these coordination environments found by Smith et al.
126
 and the 
assignment of an 
89
Y MAS NMR spectrum of Y2Zr2O7 by Kawata et al.
200
  
As stated above, Y2Sn2O7 contains a sharp resonance assigned to an ordered 
pyrochlore phase and Y2Zr2O7 contains broad resonances assigned to a disordered 
phase. However, many of the intermediate compositions contain a mixture of both 
sharp and broad resonances. The integrated intensities of these resonances taken 
from fits of the 
89
Y NMR spectra in Figure 7.3 are plotted as a function of x for 
Y2SnxZr2–xO7 in Figure 7.4. Expansions of the respective fits for Y2Sn1.8Zr0.2O7, 
Y2Sn1.6Zr0.4O7 and Y2SnZrO7 are shown in Figure 7.5, showing the presence of 
the low intensity broad resonances from the disordered phase and the sharp 
resonances from the pyrochlore phase that are more difficult to see in Figure 7.3. 
It is clear from Figure 7.4, that resonances attributed to the pyrochlore phase are 
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Figure 7.5: Fits and corresponding expansions of the 
89
Y (14.1 T) MAS NMR spectra of 
Y2Sn1.8Zr0.2O7, Y2Sn1.6Zr0.4O7 and Y2SnZrO7 shown in Figure 7.3. 
 
observed from Y2Sn2O7 to Y2Sn0.8Zr1.2O7 and those from the disordered phase 
from Y2Zr2O7 to Y2Sn1.8Zr0.2O7. Therefore, over a large proportion of 
compositions of Y2SnxZr2–xO7 there appears to be a mixture of both pyrochlore 
and disordered phases present. 
In the disordered defect fluorite Y2Zr2O7, a random distribution of Y and Zr 
cations on the A sites and a 7/8
th
 occupancy of all of the anion sites is expected. 
Therefore, for a truly random distribution of anions/vacancies this would 
presumably result in proportions of 6, 7, and 8 coordinate Y of 20, 39 and 34 % 
respectively (with 4 and 5 coordinate Y accounting for 1 and 6 %, respectively). 
The results in Figure 7.4 show that the proportions of 6, 7 and 8 coordinate Y are 
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Figure 7.6: Plot showing the chemical shifts of the sharp resonances from the pyrochlore phase 
and the broad resonances from the disordered phase in the 
89
Y NMR spectra of Y2SnxZr2–xO7 
shown in Figure 7.3 as the composition changes.  
 
5, 65 and 29 %, respectively. As the values are different from those expected for a 
random distribution of anions/vacancies, it is apparent that there must be some 
form of preferential association between the anions and cations, where Y is 
preferentially 7 and to a lesser extent, 8 coordinate. 
Analytical fitting of the spectra shown in Figure 7.3 reveals that some 
resonances exhibit a change in chemical shift as x varies. The chemical shifts of 
the sharper resonances from the pyrochlore-like phase and the broad resonances 
from the disordered phase are plotted as a function of x in Y2SnxZr2–xO7 in Figure 
7.6. It is apparent that as the Sn content of Y2SnxZr2–xO7 increases, the broad 
resonances from the disordered phase move downfield, whilst the sharp 
resonances from the pyrochlore phase show little or no change in chemical shift. 
In the 
89
Y NMR study of Y2SnxTi2–xO7 discussed in Section 3.3.2, the downfield 
shift of the sharp resonances from the pyrochlore phase was linked to a decrease 
in the pyrochlore unit cell size (which occurred as the smaller Ti cations replace 
the larger Sn cations), and more specifically a decrease and increase, respectively 
in the Y-O48f and Y-O8b bond lengths. A similar decrease in the unit cell size 
might be expected, as the smaller Sn cations replace the larger Zr cations in 
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Y2SnxZr2–xO7, potentially changing the Y-O48f and Y-O8b bond lengths, leading to 
a change in the resonance position. Therefore, the downfield shift observed for the 
resonances assigned to the disordered phase, as shown in Figure 7.6, could 
indicate that the Y-O48f and Y-O8b bond lengths are decreasing and increasing 
respectively, as a result of the changing unit cell size. Similarly, the lack of any 
change in the chemical shifts for the resonances assigned to the pyrochlore phase 
could indicate that the Sn and Zr content of Y2SnxZr2–xO7 and therefore the unit 
cell size, do not change significantly. 
As many of the Y2SnxZr2–xO7 materials appear to contain a mixture of both 
pyrochlore and disordered phases, the proportions and exact composition of these 
phases will likely vary with x. Using 
89
Y NMR, it is only possible to determine 
the presence of Y in each phase. However, due to the disorder of the cations 
present in the defect fluorite phase, it might be possible to obtain both Y-rich and 
Y-deficient regions in the disordered phase. Therefore, it is possible that there are 
Y-deficient regions of defect fluorite that are not directly visible in the 
89
Y NMR 
spectra. For the pyrochlore phase, it can be readily assumed (based on the charges 
and sizes of the cations present) that Y is only present on the A-site and Sn and Zr 
are only present on the B-site. Therefore, based on this assumption, the fact that 
both the pyrochlore and defect fluorite have the same general formula (i.e., 
Y2B2O7), and as all of the pyrochlore will be completely represented in the 
89
Y 
NMR spectra, the intensities of the sharp resonances from the pyrochlore phase 
and the broad resonances from the disordered phase will be directly proportional 
to the relative proportions of the pyrochlore and disordered phases, respectively, 
in each composition of Y2SnxZr2–xO7. 
The summation of the integrated intensities of the resonances attributed to the 
pyrochlore and disordered phases plotted in Figure 7.4 are shown in Figure 7.7, 
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Figure 7.7: Plot showing the proportions of the pyrochlore and disordered phases in Y2SnxZr2–xO7, 
extracted from the 
89
Y MAS NMR spectra shown in Figure 7.3. 
 
revealing the percentage of pyrochlore and defect fluorite phases present for each 
composition. As expected, Y2Sn2O7 contains 100% of the pyrochlore phase and 
Y2Zr2O7 is 100% of the disordered phase. As the proportion of Zr in Y2SnxZr2–xO7 
increases, the proportion of the pyrochlore phase gradually decreases and that of 
the disordered phase gradually increases until Y2Sn1.6Zr0.4O7, where equal 
proportions of the pyrochlore and disordered phases are present. The proportion of 
the pyrochlore phase continues to decrease until a single disordered phase is found 
in Y2Sn0.6Zr1.4O7. 
The presence of a two phase mixture from Y2Sn1.8Zr0.2O7 to Y2Sn0.8Zr1.2O7 is a 
remarkably different picture to that predicted from the simple rA/rB radius ratio 
arguments shown in Figure 7.1, where Y2SnxZr2–xO7 is predicted to be single 
phase pyrochlore from Y2Sn2O7 to Y2Sn1.6Zr0.4O7 and single phase defect fluorite 
from Y2Sn1.4Zr0.6O7 to Y2Zr2O7. However, there is perhaps some relationship 
between the theoretical predictions and experimental observations, as the rA/rB 
ratio predicts the pyrochlore/disordered fluorite transition to occur at x = ~1.6 and 
experimentally this is also the point at which equal proportions of pyrochlore and 
disordered phases are found. 
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As discussed above, in the 
89
Y NMR spectra of Y2SnxZr2–xO7, the intensities of 
the sharp resonances from the pyrochlore phase and broad resonances from the 
disordered phase are directly comparable to the percentages of the pyrochlore and 
disordered phases present. Therefore, as the sharp resonances from the pyrochlore 
phase can likely be assigned to a specific B-site NNN environment, the proportion 
of Sn and Zr in the pyrochlore phase can be determined. This, in turn, can be used 
to determine the proportion of Sn and Zr in the disordered phase. 
Considering the Y2Sn1.8Zr0.2O7 composition as an example, the integrated 
intensities of the resonances assigned to the pyrochlore Sn6, Sn5Zr, Sn4Zr2 NNN 
environments, as shown in Figure 7.4, account for 46, 18 and 3% of the total Y 
content, respectively. In the pyrochlore structure there are 6 B-site NNN 
surrounding each Y cation. For the Sn5Zr NNN environment, 5/6 of the 
surrounding cations are Sn and 1/6 are Zr. Therefore, for every 100 B-site cations 
in Y2Sn1.8Zr0.2O7, 15 and 3 are Sn and Zr, respectively, in a Sn5Zr NNN 
environment in the pyrochlore phase. Using similar arguments for the remaining 
resonances, it can be determined that for every 100 B-site cations, of the 67 that 
are in the pyrochlore phase, 63 are Sn and 4 are Zr. Furthermore, it is also known 
that for Y2Sn1.8Zr0.2O7, 90% of the total B-site cations are Sn and 10% are Zr. 
Therefore, it can be shown that for every 100 B-site cations, of the 33 that are in 
the disordered phase, 27 must be Sn and 6 must be Zr. Using this approach, the 
proportion Sn and Zr in each phase were calculated for the whole compositional 
range of Y2SnxZr2–xO7, with the results shown in Figure 7.8. 
The results in Figure 7.8 can be used to determine the proportion of Sn and Zr 
present in each phase. As stated previously, in Y2Sn1.8Zr0.2O7, for every 100 B-site 
cations, 90 are Sn and more specifically, 63 are Sn in the pyrochlore phase and 27 
are Sn in the disordered phase. Therefore, the proportion of Sn in the pyrochlore 
and disordered phases is 70% and 30%, respectively. In a similar manner, the 
 
7.3 
89
Y NMR investigation of Y2SnxZr2–xO7 
 
 176 
 
Figure 7.8: Plot of the proportion of total B-site cations (Sn and Zr) for each Y2SnxZr2–xO7 
composition. For any composition the sum of all the B-site cations in both phases should equal 
100%. 
 
proportion of Sn (or Zr) in each phase can be determined, as shown in Figure 7.9a, 
for the different Y2SnxZr2–xO7 compositions. Although it would appear that in all 
compositions, Zr is preferentially found in the disordered phase, this data does not 
take into account the proportions of each phase present for any composition. In 
Y2Sn1.8Zr0.2O7 the proportion of the pyrochlore and disordered phases are 67% 
and 33% respectively, as shown in Figure 7.7. Furthermore, Figure 7.8 shows that 
for every 100 B-site cations, of the 67 present in the pyrochlore phase, 63 are Sn 
and 4 are Zr. Therefore, the proportion of Sn and Zr in the pyrochlore phase is 94 
% and 6 % respectively. In a similar manner, the proportions of Sn and Zr in the 
pyrochlore (or disordered) phase can be determined, and are shown in Figure 
7.9b, for the different Y2SnxZr2–xO7 compositions. From this data, the proportion 
of the cations in the pyrochlore (or disordered) phase can now be compared for 
the different Y2SnxZr2–xO7 compositions. It is clear that from Y2Sn1.8Zr0.2O7 to 
Y2Sn0.8Zr1.2O7, the Sn and Zr content in the pyrochlore phase is on average ~90% 
and ~10% respectively, corresponding to a general formula of Y2Sn1.8Zr0.2O7, 
whereas in the disordered phase, the Sn and Zr content changes almost linearly 
with the total composition. 
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Figure 7.9: (a) Plot of the proportion of Sn (or Zr) present in both phases for each Y2SnxZr2–xO7 
composition. For each cation, the total amount summed over pyrochlore and disordered phases 
should be 100%. (b) Plot of the proportion of Sn and Zr present in the pyrochlore (or disordered) 
phase, for each Y2SnxZr2–xO7 composition. For each of the two phases, the proportions of Sn and 
Zr should sum to 100%. 
 
For the 
89
Y NMR spectra of the Y2SnxTi2–xO7 pyrochlores discussed in Section 
3.3.1, it was shown using a comparison of experimental intensities, to the 
intensities predicted using a simple model, that the Sn and Ti cations were 
randomly distributed on the pyrochlore B-sites. In the pyrochlore phase, the 
probability of finding n Sn NNN (the intensity of the n Sn NNN environment), for 
a specific composition of Y2SnxZr2–xO7, assuming that the Sn and Zr cations are 
randomly distributed on the B-sites, is given by Equation 3.1 and discussed in 
Section 3.3.1. 
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Figure 7.10: Plot of signal intensities (expressed as %) for (a) a statistical model assuming a 
random distribution of Sn/Zr on the pyrochlore B-site and (b) extracted from the 
89
Y MAS NMR 
spectra shown Figure 7.3 as a function of the number of Sn in the NNN environment for  
Y2SnxZr2–xO7 when x = 2.0 to 0.8. 
 
As discussed previously and shown in Figure 7.3, the pyrochlore resonances 
are only present for compositions between x = 2.0 and 0.8. Therefore, the 
predicted and experimental spectral intensities for the resonances with differing 
B-site NNN environments for x = 2.0 to 0.8 are compared in Figure 7.10. It is 
clear that Y2Sn2O7 and Y2Sn1.8Zr0.2O7 are the only compositions for which a good 
correlation between experimental and predicted resonance intensities is observed. 
For the remaining compositions, an increasingly poor agreement with the 
predicted intensities is seen as the Zr content in Y2SnxZr2–xO7 is increased. This 
could indicate that in the pyrochlore phase the Sn and Zr cations are not randomly 
distributed on the B-sites, or that the composition of the pyrochlore is not as 
expected from the overall chemical formula. However, it was previously shown in 
Figure 7.9b that for the pyrochlore phase, excluding Y2Sn2O7, the composition 
remains on average Y2Sn1.8Zr0.2O7. When comparing the experimental intensities 
found for the resonances assigned to the pyrochlore phase in Y2Sn1.8Zr0.2O7 to the 
predicted intensities for a Y2Sn0.8Zr1.6O7 pyrochlore, they were all found to be 
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Figure 7.11: Calculated composition of the pyrochlore and disordered phases plotted against the 
nominal Y2SnxZr2–xO7 composition. 
 
relatively similar. Therefore, confirming that throughout the Y2SnxZr2–xO7 series, 
the composition of the pyrochlore remains reasonably constant at around 
Y2Sn1.8Zr0.2O7. 
It is now clear that there are two methods available for determining the 
composition of the pyrochlore phase and, therefore, the composition of the 
disordered phase. The first method involves using the proportions of Sn and Zr in 
each phase, as shown in Figure 7.9b, determined from the integrated intensities of 
the 
89
Y NMR spectra. The second method involves comparing the integrated 
intensities of the pyrochlore resonances from the 
89
Y NMR spectra to intensities 
predicted for a specific Y2SnxZr2–xO7 composition using Equation 3.1, making the 
assumption that there is a random distribution of Sn and Zr on the B-sites. The 
calculated compositions for the pyrochlore and disordered phases using both 
methods are compared in Figure 7.11 as a function of the nominal Y2SnxZr2–xO7 
composition. In the disordered phase, the results obtained using the two methods 
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differ only negligibly. In the pyrochlore phase, as the Zr content of the  
Y2SnxZr2–xO7 composition increases, the difference between the results increases, 
however, the magnitude of this difference is still relatively small. However, as 
shown in Figure 7.7, the intensities of the pyrochlore resonances decrease as the 
Zr content of the Y2SnxZr2–xO7 composition increases. Therefore, the relatively 
small difference in the composition of the pyrochlore phase is most likely due to 
the errors obtained from the analytical fitting of these resonances in the 
89
Y NMR 
spectra. However, it is clear that both methods are in very good agreement. As the 
Zr content of Y2SnxZr2–xO7 is increased, it is clear that the composition of the 
pyrochlore phase remains on average Y2Sn1.8Zr0.2O7, whereas the composition of 
the disordered phase varies linearly with the proportion of the Sn and Zr content. 
This is consistent with the conclusions drawn from the observed variation in 
chemical shifts shown in Figure 7.6, where the chemical shift of the resonances 
from the disordered phase changed significantly with the composition (i.e., 
increased Zr content leading to a increased unit cell size) while that of the 
pyrochlore phase changed little, if at all. 
 
7.3.2  
89
Y CAPASS spectrum of Y2Sn1.6Zr0.4O7 
As previously discussed in Section 6.3, ! was found to be a useful parameter 
for the investigation of disorder in Y2SnxTi2–xO7, and therefore, 
89
Y CAPASS was 
utilised to investigate Y2SnxZr2–xO7 in a similar manner. However, owing to the 
lengthy acquisition times and limited experimental time, only one experiment was 
performed. The 
89
Y CAPASS spectrum of Y2Sn1.6Zr0.4O7 was acquired, as it 
contains all three resonances for the pyrochlore phase, corresponding to Sn6, 
Sn5Ti and Sn4Ti2 environments, and has a reasonably low proportion of the 
broad resonances from the disordered phase, as shown in Figure 7.4. As the broad 
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Figure 7.12: (a) 
89
Y (14.1 T) CAPASS spectra of Y2Sn1.6Zr0.4O7, acquired with a F2 MAS rate of 
10 kHz and a F1 MAS rate of 1.5 kHz, NT of 6.67 and nPASS of 1. Each of the 16 rows was the 
result of averaging 8318 transients with a relaxation interval of 10 s. A pre-saturation train of 8 
pulses separated by a 50 ms delay was also used. (b) 2D contour plots showing the rms deviation 
resulting from an analytical fitting of each sideband manifold for values of the span, !, and the 
skew, ". The intensity scale of the plots has been arbitrarily limited to 50. 
 
resonance corresponding to 8 coordinate Y in the disordered phase overlaps with 
the sharp resonances from the pyrochlore phase as shown in Figure 7.5, this may 
affect the quality of the fits for !, particularly for the resonances with lower 
intensity. The resulting 
89
Y CAPASS spectrum of Y2Sn1.6Zr0.4O7 is shown in 
Figure 7.12a, and was acquired in 381 hours with a F2 MAS rate of 10 kHz and a 
resulting F1 MAS rate of 1.5 kHz, with NT of 6.67 and nPASS of 1. Analytical 
fitting of the sideband manifolds extracted from the CAPASS spectrum was 
carried out using a simulation of the CAPASS experiment with experimental rf 
field strengths as discussed in Section 5.3.3 and utilised in Section 6.3.2. The 
resulting values of the chemical shifts and ! are given in Table 7.2. Contour plots 
of the rms error resulting from the fit are shown in Figure 7.12b for each sideband 
manifold, for varying values of the span, !, and the skew, ". The intensity scale 
has been arbitrarily limited to 50. The contour plots were used to calculate the 
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Table 7.2: Values of the 
89
Y isotropic shift, !iso, span, ", and root-mean-square (rms) deviation 
obtained from MAS and CAPASS experiments for the spectra of Y2Sn1.6Zr0.4O7 shown in Figure 
7.12. 
NNN environment !iso (ppm) " (ppm) rms 
Sn6 147 213 ± 14 0.7 
Sn5Ti 121 261 ± 17 1.8 
Sn4Ti2 96 254 ± 14 9.2 
 
95% confidence intervals that were used to calculate the margin of error in " 
given in Table 7.2.  
As expected, the magnitude of " for the Sn5Ti NNN environment is larger 
than that for the Sn6 environment, but the values of " for the Sn5Ti and Sn4Ti2 
environments appear very similar. However, the rms deviation for the Sn4Ti2 
environment is notably larger than that for the Sn6 and Sn5Ti environments, 
indicating a poorer fit most likely due to the low spectral intensity of this 
resonance. Therefore, it is assumed that the signal intensity and the quality of the 
fit for this resonance may be too low to produce an accurate value of ". 
 
7.3.3  
89
Y DFT calculations 
In a similar manner to previous work using 
89
Y NMR
128
 described in Section 
3.3.2, 
89
Y NMR parameters for the Y2SnxZr2–xO7 solid solution can be calculated 
using the systematic modification of the B-site NNN environment (for each of the 
13 different possible arrangements of Sn and Zr cations) of a central Y cation in a 
Y2Sn2O7 or Y2Zr2O7 pyrochlore unit cell. In each case, the geometry of the 
structure was optimised, with atomic coordinates and unit cell parameters allowed 
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to vary. However, these calculations will predict the NMR parameters for a 
pyrochlore-like structure only, as the vacancies are ordered in this model. 
The resulting calculated 
89
Y chemical shifts, for all of the Y cations present in 
the unit cells, are plotted in Figure 7.13a as a function of n Sn NNN. In the 
pyrochlore structure, the introduction of one Zr cation to the NNN B-site results in 
an average upfield shift of ~29 ppm in the 
89
Y chemical shift, whereas the average 
range of the chemical shifts observed for any n Sn NNN environment is only ~7 
ppm. Similarly, calculated values of ! can be plotted as a function of n Sn NNN, 
as shown in Figure 7.13b. In the pyrochlore structure, the introduction of one Zr 
cation to the NNN B-site results in an increase in the average magnitude of ! by 
~68 ppm, whereas the average range of values of ! is fairly small, typically ~23 
ppm. Therefore, it would appear that both "iso and ! can be used for the 
assignment of the B-site NNN environment as there is no overlap of the 
magnitude of the parameters predicted between the different types of 
environment. 
As discussed previously in Section 3.3.2, it was shown that for the calculations 
of the Y2SnxTi2–xO7 solid solution, there was a downfield change of the 
89
Y 
chemical shifts of each resonance corresponding to a specific B-site NNN 
environment as the unit cell size was decreased, and more specifically, as the Y-
O48f and Y-O8b bond lengths decreased and increased, respectively. It was also 
found that there was a larger change in the chemical shifts as the Sn content of the 
B-site NNN environment was increased. Therefore, to see if a similar effect is 
observed for Y2SnxZr2–xO7, the calculated chemical shifts for the different B-site 
NNN environments of a pyrochlore-like Y2SnxZr2–xO7 can be plotted as a function 
of the unit cell size, as shown in Figure 7.14. However, there is no noticeable 
change in the calculated chemical shifts as the unit cell contracts for each NNN 
environment. 
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Figure 7.13: Plots showing the calculated 
89
Y (a) chemical shift, !
iso
calc , and (b) span, !calc , as a 
function of n Sn NNN. Data points were obtained from a series of calculations based on the 
pyrochlore unit cells of Y2Sn2O7 and Y2Zr2O7. 
 
 
Figure 7.14: Plot showing the 
89
Y calculated chemical shift, !
iso
calc , for each of the B-site NNN 
environments as a function of the average unit cell length, determined from a range of pyrochlore 
unit cells based on Y2Sn2O7 and Y2Zr2O7. 
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Figure 7.15: Plot showing the variation of !
iso
calc  with the Y-O bond distances for different B-site 
NNN environments. Shown are, (a) the average Y-O8b bond distances and (b) the average Y-O48f 
bond distances. Data points were obtained from a range of pyrochlore unit cells based on Y2Sn2O7 
and Y2Zr2O7. 
 
In Section 3.3.2, it was shown (for Y2(Sn,Ti)2O7 pyrochlores) that the 
resonances assigned to the Sn6 NNN environment exhibited a downfield shift of 
13 ppm as the unit cell size decreased by 0.20 Å with increasing Ti substitution. 
However, in the calculations based on the Y2(Zr,Sn)2O7 pyrochlores, for the Sn6 
NNN environment, the average unit cell length decreased by only 0.04 Å and the 
calculated chemical shift decreased 8 ppm. The lack of any downfield shift as the 
cell size decreases could be due to the relatively small change in the cell size 
across the pyrochlore Y2SnxZr2–xO7 compositions, resulting in no significant 
changes to the Y-O bond lengths. This is confirmed in Figure 7.15, where the 
chemical shifts are plotted as a function of the average Y-O8b and Y-O48f bond 
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lengths. Although there is very little change in the Y-O bond lengths, there is a 
very slight downfield shift found as the Y-O48f and Y-O8b bond lengths decrease 
and increase respectively. However, as the Zr content of the B-site NNN 
environment increases, this downfield shift decreases in size, with no appreciable 
change in the chemical shift observed for the Zr6 B-site NNN environment.  
In Section 6.3.1 it was found that there was a strong correlation between ! and 
the average Y-O8b bond lengths, and to a lesser extent the average Y-O48f bond 
lengths, for the Y2SnxTi2–xO7 solid solution. This enabled an estimation of these 
bond lengths from a measurement of ! using the CAPASS experiment. Therefore, 
by plotting ! as a function of the average Y-O8b and Y-O48f bond lengths taken 
from the calculations on a pyrochlore Y2SnxZr2–xO7 solid solution a similar trend 
might be found. However, it can be seen in Figure 7.16 that there is no similar 
correlation between ! and either the average Y-O8b or Y-O48f bond lengths. 
Therefore, the experimental measurement of ! cannot be used to estimate either 
of these bond lengths. However, this result is perhaps not too surprising, as there 
is only a small change in the unit cell size throughout the solid solution, resulting 
in a negligible change in the Y-O bond lengths.  
In the 
89
Y NMR spectra of Y2SnxZr2–xO7, 6, 7 and 8 coordinate Y was 
observed, with 6 and 7 coordinate Y formed by disorder of the vacancies across 
the 8a, 8b and 48f anion sites. As stated previously, and shown in Figure 7.2, the 
initial anion disorder is thought to occur when the O48f anion moves to the nearby 
8a vacancy. The movement of one O48f anion would result in the formation of two 
7 coordinate A-site and B-site cations. To determine the NMR parameters that 
such a change would produce in a pyrochlore structure, a unit cell of Y2Sn2O7 was 
considered and a single O48f anion was moved to a neighbouring 8a vacancy. 
However, a geometry optimisation of the unit cell resulted in the new O8a anion 
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Figure 7.16: Plot showing the variation of !calc  with the Y-O bond distances for different B-site 
NNN environments. Shown are (a) the average Y-O8b bond distances and (b) the average Y-O48f 
bond distances. Data points were obtained from a range of pyrochlore unit cells based on Y2Sn2O7 
and Y2Zr2O7. 
 
relaxing back to its initial 48f position. Unfortunately due to time restraints, 
further work on this problem was not carried out but such calculations do offer a 
possible approach for future work. 
To attempt to calculate NMR parameters for structures similar to the defect 
fluorite phase found for Y2Zr2O7, a 2 ! 2 ! 2 fluorite (AO2) supercell was created, 
with the Y/Zr cations randomly distributed on the A-sites and the 
oxygens/vacancies randomly distributed on the anion sites. However, geometry 
optimisations again proved unsuccessful, with relatively high energies and 
 
Sn6
Sn5Zr
1,2-Sn4Zr2
1,3-Sn4Zr2
1,4-Sn4Zr2
1,2,3-Sn3Zr3
1,2,4-Sn3Zr3
1,3,5-Sn3Zr3
1,2-Sn2Zr4
1,3-Sn2Zr4
1,4-Sn2Zr4
SnZr5
Zr6
100
200
300
400
500
600
2.49 2.50 2.51 2.52 2.53
Sn6
Sn5Zr
1,2-Sn4Zr2
1,3-Sn4Zr2
1,4-Sn4Zr2
1,2,3-Sn3Zr3
1,2,4-Sn3Zr3
1,3,5-Sn3Zr3
1,2-Sn2Zr4
1,3-Sn2Zr4
1,4-Sn2Zr4
SnZr5
Zr6
100
200
300
400
500
600
2.25 2.26 2.27 2.28 2.29 2.30
(a)
(b)
!
ca
lc
 (
pp
m
)
!
ca
lc
 (
pp
m
)
!Y-O8b bond length" / Å
!Y-O48f bond length" / Å
7.3 
89
Y NMR investigation of Y2SnxZr2–xO7 
 
 188 
 
Figure 7.17: Plot of the calculated 
89
Y chemical shifts for 6, 7 and 8 coordinate Y in a pyrochlore-
like structure of Y2Zr2O7. 
 
chemically unreasonable structures obtained in many cases. It is possible that 
owing to the periodic nature of the calculations, when using a fairly small  
2 ! 2 ! 2 supercell some of the geometric arrangements of atoms which are less 
favourable are regularly reproduced. Therefore, to closer approximate a 
disordered structure with less regularly repeating structural environments a larger 
supercell must be used. Unfortunately, calculations for 3 ! 3 ! 3 supercells proved 
to be too computationally expensive on the available hardware, although it is 
hoped that these may be possible in the future. 
To gain an insight into the possible coordination environments that might be 
found in defect fluorite Y2Zr2O7, a model pyrochlore Y2Zr2O7 structure was 
constructed and the NMR parameters calculated for 8 coordinate Y. To then 
create 7 and 6 coordinate Y environments, O8b anions were moved from around a 
central Y cation to vacant 8a sites around a distant Zr cation, creating 7 and 8 
coordinate Zr respectively. The calculated chemical shifts for 6, 7 and 8 
coordinate Y resulting from this Y2Zr2O7 pyrochlore-like structure are shown in 
Figure 7.17. Although an exact match between the calculated and experimental 
chemical shifts is not expected for Y2Zr2O7, (as the chemical shifts found for the 
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more disordered defect fluorite) they are expected to be similar. Figure 7.17 
shows that, as expected, the chemical shift decreases as the coordination state 
increases. 
 
7.3.4  
89
Y NMR discussion and conclusions 
If it is presumed that a pyrochlore structure contains Y only on the A-site, then 
the integrated intensities of the sharp resonances from the pyrochlore phase and 
the broad resonances from the disordered phase in the 
89
Y NMR spectra can be 
directly linked to the proportions of the pyrochlore and disordered phases present 
in any of the compositions. Therefore, the use of 
89
Y NMR to study Y2SnxZr2–xO7 
is possibly the most informative approach for the available NMR-active nuclei. 
The assignment of the sharp resonances from the pyrochlore phase was 
confirmed by comparison of the experimental 
89
Y NMR parameters extracted 
from conventional and CAPASS spectra to the 
89
Y NMR parameters obtained 
using DFT calculations. Unfortunately, as the disordered defect fluorite proved 
difficult to calculate, the resonances assigned to the disordered phase found in the 
89
Y NMR spectra could not be assigned and analysed in this way. However, the 6, 
7 and 8 coordinate Y could be tentatively assigned based upon the calculations 
performed for Y2Zr2O7 with a pyrochlore-like structure. 
As the Zr content of Y2SnxZr2–xO7 is increased, the proportion of the disordered 
phase in the 
89
Y NMR spectra also increases, until at Y2Sn0.6Zr1.4O7, where there 
is no evidence of any sharp resonances from the pyrochlore phase. Therefore, 
there is no clear transition from pyrochlore to defect fluorite as might be expected 
from the rA/rB ratios, as shown in Figure 7.1, and it would appear a solid solution 
is not formed, but a two phase mixture is present for most compositions in the 
series. However, these results do show some parallels to the results obtained by 
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Wuensch et al.
197
 where, as the Zr content of Y2SnxZr2–xO7 was increased, the 
pure phase pyrochlore (Y2Sn2O7) was replaced by a mixture of a pyrochlore and 
fluorite-like phases before reaching a pure phase defect fluorite (Y2Zr2O7). 
In the 
89
Y NMR spectra of Y2SnxZr2–xO7, as the Sn content increases and, 
therefore, the unit cell size decreases, there appears to be no change in the 
chemical shifts of the resonances assigned to the pyrochlore phase, but a 
downfield shift of the resonances assigned to the disordered phase. DFT 
calculations for a pyrochlore-like structure of Y2SnxZr2–xO7, showed that as the 
unit cell size decreases, a small downfield shift was predicted for the resonance 
assigned to the Sn6 B-site in particular. This downfield shift was also found to be 
related to a small decrease and increase in the Y-O48f and Y-O8b bond lengths, 
respectively. Therefore, it is possible that as the Zr content of Y2SnxZr2–xO7 is 
increased, the Zr content of the pyrochlore increases only negligibly and remains 
at a low level, whereas the Zr content of the disordered phase increases with x. 
The compositions of the pyrochlore and disordered phases were calculated 
using two different approaches and a good agreement between the two was 
obtained. It was found that the Zr content in the pyrochlore phase was relatively 
low and fairly constant, and was found on average to be Y2Sn1.8Zr0.2O7. This, 
therefore, indicates that Zr has a much stronger preference for the disordered 
phase. Additionally the intensities of resonances for 6, 7 and 8 coordinate Y in the 
89
Y NMR spectrum of Y2Zr2O7, were different to those expected for a random 
distribution of anions/vacancies, showing that Y is preferentially 7 and 8 
coordinate.  
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7.4  
119
Sn NMR investigation of Y2SnxZr2–xO7 
7.4.1  
119
Sn NMR spectra 
The 
119
Sn MAS NMR spectra of Y2SnxZr2–xO7 acquired using spin echo 
experiments are shown in Figure 7.18. Owing to the high receptivity of 
119
Sn 
NMR, as a result of the high !, all spectra were acquired in a reasonable timescale 
without the use of CPMG. It is also worth noting that as the proportion of Sn 
present in the composition of Y2SnxZr2–xO7 gradually decreases, this makes the 
acquisition of the spectra much more challenging despite the high receptivity of 
119
Sn. 
For Y2Sn2O7, a single resonances at –582 ppm is observed, as expected. As the 
composition changes from Y2Sn2O7 to Y2Sn1.8Zr0.2O7, two additional sharp 
resonances appear at lower chemical shifts. As these resonances are sharp they are 
presumably from an ordered structure and are therefore likely from a pyrochlore 
phase. Based on the results found in the 
119
Sn NMR study of the Y2SnxTi2–xO7 
solid solution
201
 discussed in Section 4.3, in Y2Sn1.8Zr0.2O7 we can presumably 
assign the resonances at –582, –589 and –596 ppm to Sn6, Sn5Zr and Sn4Zr2 B-
site NNN environments, respectively. In the Zr rich compositions of  
Y2SnxZr2–xO7, there is a single broad resonance in the NMR spectrum which is 
presumably from a disordered phase. Based on the chemical shift ranges found by 
Martinez-Ferrero et al. for 6, 7 and 8 coordinate Sn,
202
 all of the resonances in the 
119
Sn NMR spectra of Y2SnxZr2–xO7 can be assigned to 6 coordinate Sn. 
Therefore, in the Zr rich compositions which are presumably similar to the defect 
fluorite, Y2Zr2O7, which possesses complete cation and anion disorder, there must 
be some form of preferential association of the anions/vacancies to the cations to 
explain the lack of 7 and 8 coordinate Sn. 
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Figure 7.18: 
119
Sn (14.1 T) MAS NMR spectra of Y2SnxZr2–xO7 with x = 2.0, 1.8, 1.6, 1.4, 1.2, 1.0, 
0.8, 0.6, 0.4 and 0.2. Spin echo spectra are a result of averaging between 48 and 1280 transients. 
Recycle intervals of 30 s and a MAS rate of 14 kHz were used. 
 
As the Zr content of Y2SnxZr2–xO7 increases, there is an increased intensity of 
the broad resonance relative to the sharper resonances from the pyrochlore phase. 
The broad resonance also overlaps with the sharp resonances assigned to the 
Sn5Zr and Sn4Zr2 NNN pyrochlore environments and as a result it is unclear if 
there any additional resonances from the pyrochlore phase present at lower 
chemical shifts. Based on the results from the 
89
Y NMR shown in Figure 7.11, the 
composition of the pyrochlore phase was determined to be close to Y2Sn1.8Zr0.2O7 
throughout the Y2SnxZr2–xO7 compositions for which it was present. The predicted 
intensities of the resonances found in the 
119
Sn NMR spectrum of Y2Sn1.8Zr0.2O7 
are also identical to those predicted for the 
89
Y NMR spectrum, as shown in 
Figure 7.10. For the experimental spectra of Y2Sn1.8Zr0.2O7, Y2Sn1.6Zr0.4O7 and 
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Y2Sn1.4Zr0.6O7 there is a reasonably good agreement between the intensities of the 
resonances assigned to the pyrochlore phase and those predicted for a composition 
of a Y2Sn1.8Zr0.2O7 pyrochlore, assuming a random distribution of Sn and Zr on 
the B-sites. 
As the Sn content of Y2SnxZr2–xO7 increases, there is no noticeable change in 
the chemical shift of the resonances assigned to the pyrochlore phase, but a 
downfield shift of the resonances assigned to the disordered phase. In Section 
4.3.6 it was found that for Y2SnxTi2–xO7 as the Ti content was increased and the 
unit cell size decreased, the resulting decrease in the Sn-O48f bond lengths resulted 
in a downfield shift of the resonances. Therefore, the lack of a noticeable change 
in the 
119
Sn chemical shifts for the resonances assigned to the pyrochlore phase in 
Y2SnxZr2–xO7 supports the previous conclusion that there is very little Zr present 
in this phase. Similarly, as there is a downfield shift for the resonance assigned to 
the disordered phase, this is indicative of more significant changes in Sn and Zr 
content. 
As previously stated, the broad resonance from the disordered phase masks the 
presence of the sharp resonances from the pyrochlore phase, making it 
increasingly difficult to obtain accurate fits for the resonances assigned to Sn5Zr 
and Sn4Zr2 NNN pyrochlore environments in particular. Therefore, in the 
119
Sn 
NMR spectra of Y2Sn1.6Zr0.4O7 to Y2Sn0.8Zr1.2O7, only the resonances from Sn6 
and Sn5Zr NNN environments in the pyrochlore were fitted in addition to the 
broad resonance from the disordered phase, as the fitting of the low intensity 
overlapped resonance assigned to Sn4Zr2 proved too difficult. As shown in the 
119
Sn NMR spectra in Figure 7.18, as the Sn content of Y2SnxZr2–xO7 composition 
increases, there is no noticeable change in the chemical shifts of the sharp 
resonances from the pyrochlore phase and a downfield shift for the broad 
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Figure 7.19: Plot showing the integrated intensities of the resonances assigned to 6 coordinate Sn 
(SnO6) in the pyrochlore phase with Sn6, Sn5Zr and Sn4Zr2 NNN environments, and to 8, 7 and 6 
coordinate Sn (SnO8, SnO7 and SnO6 respectively) in the disordered phase, as a function of x for 
Y2SnxZr2–xO7. 
 
resonance from the disordered phase. Therefore, to aid the fitting procedure, the 
chemical shift of the Sn5Zr resonance can be fixed allowing it to be fitted even 
when overlapped with the broad resonance from the disordered phase. 
The integrated intensities of the resonances attributed to the disordered phase 
and those from the pyrochlore phase (Sn6, Sn5Zr and Sn4Zr2 NNN 
environments) from the 
119
Sn NMR spectra in Figure 7.18 are plotted as a 
function of the Y2SnxZr2–xO7 composition in Figure 7.19. Owing to the difficulty 
in fitting some of the spectra, some degree of error is expected, due to the overlap 
of the spectral resonances. As it is difficult to see the presence of the broad 
resonance from the disordered phase in the 
119
Sn NMR spectrum of 
Y2Sn1.8Zr0.2O7, expansions of the fits are shown with and without the broad 
resonance from the disordered phase in Figure 7.20. It is clear that the quality of 
the fit is significantly better when the broad resonance from the disordered phase 
is included.  
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Figure 7.20: Fits and corresponding expansions of the 
119
Sn (14.1 T) MAS NMR spectrum of 
Y2Sn1.8Zr0.2O7 shown in Figure 7.18. Fit performed using (a) three sharp resonances (pyrochlore 
phase) and (b) three sharp resonances (pyrochlore phase) and one broad resonance (disordered 
phase). 
 
 
Figure 7.21: Plot of the proportion of Sn present in each of the pyrochlore and disordered phases, 
for Y2SnxZr2–xO7, i.e., for each composition, the total proportion of Sn summed for the pyrochlore 
and disordered phases will be equal to 100%. The blue data points were determined from the 
119
Sn 
NMR spectra shown in Figure 7.18, whereas the green data points were taken from the results 
shown in Figure 7.9a, which were determined using the 
89
Y NMR spectra shown in Figure 7.3. 
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The relative percentage of Sn present in the pyrochlore and disordered phases 
can be determined from the sum of the integrated intensities of the resonances in 
the 
119
Sn NMR spectra, which were shown in Figure 7.19. However, these results 
were also previously determined using 
89
Y NMR, as shown in Figure 7.9a. A 
reasonably good agreement is found between the results determined from the 
89
Y 
and 
119
Sn NMR spectra as shown in Figure 7.21, confirming the results obtained 
from both studies. 
 
7.4.2  
119
Sn DFT calculations 
The 
119
Sn NMR parameters for a range of different B-site NNN environments 
in Y2SnxZr2–xO7 were calculated in a similar manner to previous work using 
89
Y 
NMR
128
 as described in Section 3.3.2, using a unit cell of Y2Sn2O7. However, 
these calculations will predict the NMR parameters for a pyrochlore-like structure 
only as the model used has ordered vacancies.  
The resulting calculated 
119
Sn chemical shifts, for all of the Sn cations present 
in the Y2Sn2O7 based unit cells described above, in addition to the Y2Sn2O7 and 
Y2Zr2O7 based unit cells used in Section 7.3.3, are plotted in Figure 7.22a. The 
introduction of one Zr cation to the NNN B-sites, creating a Sn5Zr environment 
results in an upfield shift of ~8.7 ppm. This upfield shift is large enough to ensure 
no overlapping of the ranges of chemical shifts predicted for the Sn6 and Sn5Zr 
NNN environments. The introduction of a second Zr cation results in a further, 
slightly smaller, upfield shift of ~8.4 ppm. This upfield shift continues to decrease 
in size as the Zr content increases, resulting in an increasing overlap of the ranges 
of chemical shifts observed for different NNN environments. It is also apparent 
that for some of the environments with an identical number of Sn NNN, but a 
differing spatial NNN arrangement of the cations, there are noticeable differences 
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Figure 7.22: Plots showing the calculated 
119
Sn (a) chemical shift, !
iso
calc , and (b) span, !calc , as a 
function of n Sn NNN. Data points were obtained from a series of calculations based on the 
pyrochlore unit cells of Y2Sn2O7 from Section 7.4.2 and Y2Sn2O7 and Y2Zr2O7 from Section 7.3.3. 
 
in the chemical shift ranges. This can be seen clearly for the 4, 3 and 2 Sn NNN 
environments, where the range of chemical shifts predicted for the 1,3-Sn4Zr2, 
1,3,5-Sn3Zr3 and 1,3-Sn2Zr4 environments are found significantly further 
downfield from the chemical shifts predicted for environments with the same n Sn 
NNN. Therefore, in the 
119
Sn NMR spectra for the 4, 3 and 2 Sn NNN 
environments it may be possible to assign a resonance not only to a particular n 
Sn NNN, but also to a specific B-site NNN environment. 
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Figure 7.23: Plot showing the 
119
Sn calculated chemical shift, !
iso
calc , for each of the B-site NNN 
environments as a function of the average unit cell length, determined from a series of calculations 
based on the pyrochlore unit cells of Y2Sn2O7 from Figure 7.4.2 and Y2Sn2O7 and Y2Zr2O7 from 
Figure 7.3.3. 
 
The values of ! were also plotted as a function of n Sn NNN, as shown in 
Figure 7.22b. Although there is a small increase in the magnitude of ! from Sn6 
to Sn5Zr and finally to Sn4Zr2 NNN environments, after this point there is an 
apparent decrease in the magnitude of ! with increasing Zr content. Additionally, 
for the 4 and 3 Sn NNN environments, there is still a reasonable difference 
between the values of ! predicted for 1,3-Sn4Zr2 and 1,3,5-Sn3Zr3 environments 
and those with the same n Sn NNN. However, it can be seen that owing to the 
range of ! observed for each NNN environment, there is considerable overlap in 
the values of ! predicted for the majority of environments present, indicating that 
! is not expected to provide a unique signature of the NNN environment.  
In Section 4.3.6, it was shown that in the calculations of the Y2SnxTi2–xO7 solid 
solution, the 
119
Sn chemical shifts for the different B-site NNN environments 
moved downfield as the unit cell size, and more specifically the Sn-O48f bond 
lengths were decreased. Therefore, the calculated 
119
Sn chemical shifts for 
Y2SnxZr2–xO7 were plotted as a function of the unit cell size in Figure 7.23 to see 
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Figure 7.24: Plot showing the variation 
119
Sn calculated chemical shift, !
iso
calc , upon the average  
Sn-O48f bond distances for different B-site NNN environments. Data points were obtained from a 
series of calculations based on the pyrochlore unit cells of Y2Sn2O7 from Section 7.4.2 and 
Y2Sn2O7 and Y2Zr2O7 from Figure 7.3.3. 
 
if a similar relationship was observed. For the Sn6 B-site NNN environment, there 
is a small upfield shift found as the unit cell size decreases. This upfield shift also 
appears to decrease in magnitude as the proportion of Zr in the B-site NNN 
environment increases. This upfield shift however, does not appear to be linked to 
the bond lengths as shown in Figure 7.24, as no appreciable correlation between 
the Sn-O48f bond lengths and chemical shifts was seen. Therefore, the changes are 
probably due to a more complex relationship between the geometric positions of 
the neighbouring anions and cations. 
As discussed in Section 7.3.3, NMR parameters for 6, 7 and 8 coordinate Y in 
a pyrochlore-like structure of Y2Zr2O7 were calculated for comparison to the 
experimental 
89
Y NMR spectrum of Y2Zr2O7, due to the difficulties in calculating 
defect fluorite structure directly. In a similar fashion such calculations can be 
carried out to determine the NMR parameters for 6, 7 and 8 coordinate Sn in these 
model structures. If a single Zr cation is replaced with a single Sn cation in the 
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Figure 7.25: Plot of the calculated 
119
Sn chemical shifts for 6, 7 and 8 coordinate Sn based upon a 
unit cell of a defect pyrochlore structure with the formula, Y2Zr2O7, where a single Zr cation was 
replaced with a single Sn cation. 
 
pyrochlore unit cell of Y2Zr2O7, then 7 and 8 coordinate Sn can be created, by 
moving O8b anions from a distant Y cation, to the 8a vacancies surrounding the Sn 
cation. The resulting 
119
Sn chemical shifts for 6, 7 and 8 coordinate Sn are shown 
in Figure 7.25. 
 
7.4.3  
119
Sn NMR discussion and conclusions 
Although the use of 
119
Sn NMR to study Y2SnxZr2–xO7 has been shown to be 
useful, it does pose some problems, as it is possible to have both Sn rich and Sn 
poor regions in the pyrochlore and disordered phases. Therefore, the 
119
Sn NMR 
spectra will not necessarily be a complete representation of the exact proportion of 
the pyrochlore and disordered phases, merely of their relative Sn content. 
The analysis of the 
119
Sn NMR spectra of Y2SnxZr2–xO7 confirmed the result 
from 
89
Y NMR, that many of the compositions are two phase mixtures of 
pyrochlore and disordered phases. The assignment of the sharp resonances from 
the pyrochlore phase was confirmed using DFT calculations. These calculations 
were also used to determine that measuring ! would not be able to aid in the 
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assignment of the sharp resonances from the pyrochlore phase. Additionally, as 
the disordered defect fluorite structure proved difficult to calculate, the resonances 
assigned to the disordered phase found in the 
119
Sn NMR spectra could not be 
easily assigned and analysed using DFT calculations. However, calculations based 
upon substituted models of pyrochlore-like Y2Zr2O7 with a range of vacancy 
positions confirm that only 6 coordinate Sn is present in the materials. 
The integrated intensities of the resonances from the pyrochlore and disordered 
phases in the 
119
Sn NMR spectra allowed the proportion of Sn in the two phases to 
be determined. The results obtained were also found to be in good agreement with 
those determined from the analysis of the 
89
Y NMR spectra. One of the more 
interesting results was that the Sn present in the pyrochlore and disordered phases 
was found to be 6 coordinate only, indicating preferential association between the 
anions/vacancies and the different types of cations. 
It was also shown in the 
119
Sn NMR spectra that as the Sn content of  
Y2SnxZr2–xO7 increased there was no change in the chemical shifts of the 
resonances assigned to the pyrochlore phase, but a downfield shift of the 
resonances assigned to the disordered phase. DFT calculations showed that as the 
unit cell size decreased a small upfield shift was predicted for the Sn rich B-site 
NNN environments, particularly for the Sn6 environment. However, as there was 
no evidence of such an upfield shift in the experimental spectra, this perhaps 
indicates that the unit cell size of the pyrochlore phase is not changing 
significantly.  
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7.5  
91
Zr NMR investigation of Y2SnxZr2–xO7 
7.5.1  
91
Zr NMR introduction 
Some of the NMR relevant nuclear properties of 91Zr are shown in Table 7.1. It 
is apparent that 91Zr will be challenging to study using NMR as it has both a 
reasonably sized quadrupole moment and fairly low receptivity, due to its low 
gyromagnetic ratio and natural abundance. Therefore, as with 47/49Ti NMR in 
Section 4.5, the VOCS-CPMG approach was used to acquire the wide spectral 
lineshape in a stepwise fashion, with the sub-spectra then co-added. 
As the coordination states, chemical shifts and quadrupolar couplings of Zr in 
the defect fluorite Y2Zr2O7 are unknown and the acquisition of 
91Zr NMR spectra 
is considerably challenging, DFT calculations were carried out prior to 
experiment, to attempt to determine how useful 91Zr NMR might be for 
investigating Y2SnxZr2–xO7 and to help guide the experimental acquisition. 
 
7.5.2  Optimisation and testing of 
91
Zr DFT calculations 
As no previous in-house work had been carried out using 91Zr DFT 
calculations, an initial evaluation of this approach was performed before the 
calculation of 91Zr NMR parameters for Y2SnxZr2–xO7 was considered. Monoclinic 
ZrO2 was chosen to investigate the k-point spacing and Ecut required, for 
convergence of the NMR parameters. For the single Zr site and the two O sites, 
the NMR parameters appeared to be converged with a k-point spacing of 0.05 Å–1 
and Ecut of 50 Ry. A reference shielding of 1483.1 ppm was determined by 
comparison of calculated and experimental parameters of BaZrO3. Next, NMR  
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Table 7.3: Calculated and experimental 
91
Zr chemical shifts and quadrupolar couplings for a range 
of inorganic compounds.
a
 
Compound !
iso
calc
 
(ppm) 
! iso
exp
 
(ppm) 
C
Q
calc
 
/ MHz 
CQ
exp
 
/ MHz 
BaZrO3 
203
 0 0 
132
 0 0.1 
Orthorhombic ZrO2 
204
 –161 –220 
198
 19.9 18.0 
Tetragonal ZrO2 
205
 –166 –250 
198
 31.5 19.0 
Monoclinic ZrO2 
206
 –208 –220 
198
 26.8 23.4 
ZrSiO4 
207
 –365 –390 
198
 19.6 20.5 
K2ZrF6 
208
 –435 –150 
209
 49.0 44.7 
ZrCl4 
210
 633 844 
209
 14.7 14.7 
a
See original references for a discussion of experimental errors.  
 
parameters were calculated for a small series of compounds and compared to 
experimental values. The calculated parameters are given in Table 7.3 and shown 
in Figure 7.26, where the calculated and experimentally measured chemical shifts 
and CQ are compared. Although, as shown in Figure 7.26, there are a few outlying 
points, it can be seen that generally, there is a reasonable agreement between the 
calculated and experimental chemical shifts and CQ values, enabling DFT 
calculations to be used with confidence for subsequent calculations of  
Y2SnxZr2–xO7. 
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Figure 7.26: Comparison of calculated and experimental 
91
Zr (a) chemical shifts and (b) CQ values 
for the simple Zr containg compounds given in Table 7.3. 
 
7.5.3  
91
Zr DFT calculations 
To determine the 
91
Zr NMR parameters for a range of different B-site NNN 
environments in Y2SnxZr2–xO7, no new calculations were performed. Instead, the 
existing calculations based on Y2Sn2O7 and Y2Zr2O7 unit cells in Section 7.3.3 
(originally performed for the 
89
Y NMR study) and those based on Y2Sn2O7 in 
Section 7.4.2 (for the 
119
Sn NMR study) were used, and the 
91
Zr NMR parameters 
extracted. 
For each B-site NNN environment, the 
91
Zr CQ for 6 coordinate Zr in a 
pyrochlore structure, is plotted as a function of the chemical shift in Figure 7.27. 
However, these calculations will predict the NMR parameters for a pyrochlore 
structure only (i.e., with ordered vacancies). It can be seen that the chemical shifts 
for each type of B-site NNN environment are different and shift upfield as the Zr 
content of the B-site NNN environment increases. The ranges of CQ observed for 
each B-site NNN environment are reasonably similar, with some overlap and 
there is only a small increase of the magnitude of the CQ as the Zr content of the 
NNN environment increases. Therefore, as the CQ is so similar for each  
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Figure 7.27: Plots showing the 
91
Zr calculated chemical shift, !
iso
calc , and the calculated quadrupolar 
coupling, CQ
calc
.  Data points were obtained from a series of calculations based on the pyrochlore 
unit cells of Y2Sn2O7 and Y2Zr2O7 from Section 7.3.3 and Y2Sn2O7 from Section 7.4.2. 
 
neighbouring environment, it would be difficult to determine the exact nature of 
the NNN environment from any experimental measurement. It would also be 
extremely difficult to accurately determine the chemical shift for a specific 
resonance, due to the broadened quadrupolar lineshapes. Therefore, it is unlikely 
that it would be possible to extract any detailed information about the specific B-
site NNN environments from 
91
Zr NMR spectra, particularly when disorder is 
present. 
As previously described in Section 7.3.3, the NNN parameters for the defect 
fluorite structure of Y2Zr2O7 cannot be easily calculated, and therefore a 
pyrochlore-like Y2Zr2O7 model was used to determine typical NMR parameters 
for 6, 7 and 8 coordinate Y. As the O8b anions around the Y cation were moved to 
the 8a vacancies around a Zr cation, the same calculations can be used from 
Section 7.3.3, as the model structures also contain 6, 7 and 8 coordinate Zr. The 
resulting 
91
Zr chemical shifts and quadrupolar couplings for each coordination 
state of Zr, are plotted in Figure 7.28. As expected, as the coordination number 
increases, the chemical shift moves upfield. Additionally, reasonable sized CQ 
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Figure 7.28: Plot of the calculated 
91
Zr chemical shifts for 6, 7 and 8 coordinate Zr in a pyrochlore-
like structure of Y2Zr2O7. 
 
values of 24 and 14 MHz were calculated for 8 and 7 coordinate Zr, whereas an 
extremely large CQ of 78 MHz was obtained for 6 coordinate Zr in this model 
structure. 
 
7.5.4  
91
Zr NMR spectra 
For the range of Y2SnxZr2–xO7 compositions which could be studied using 
91
Zr 
NMR, it was decided that the defect fluorite Y2Zr2O7 should be investigated, as it 
possesses the highest Zr content and the possibility of all three coordination states 
of Zr. Figure 7.29a shows NMR spectra simulated using the calculated NMR 
parameters for the 6, 7 and 8 coordinate Zr species plotted in Figure 7.28. As the 
CQ for 6 coordinate Zr might be extremely large, the 
91
Zr NMR spectrum of 
Y2Zr2O7 was acquired at the UK 850 MHz Solid-State NMR Facility in Warwick, 
at a magnetic field strength of 20 T. Higher magnetic field strengths lead to an 
increase in sensitivity and a narrowing of the quadrupolar lineshape, as the 
second-order quadrupolar line broadening is inversely proportional to the 
magnetic field strength. As there was limited time available at the UK 850 MHz 
Solid-State NMR Facility, only selected parts of the spectrum were able to be 
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acquired. A series of different possible offset frequencies separated by 0.16 MHz 
are shown in Table 7.4. Of these offset frequencies, 6 were chosen and a CPMG 
spectrum was acquired for 22.5 hours at each position. The spectra are shown 
separately in Figure 7.29b, with the summation in Figure 7.29c. The offsets were 
chosen to attempt to observe the 7 and 8 coordinate Zr resonances centred around 
~0 ppm and also to try to detect the presence of the broadened resonance 
corresponding to 6 coordinate Zr, which would extend over a much greater range 
of chemical shifts. 
When the experimental and calculated lineshapes in Figure 7.29 are compared, 
it can be seen that the broad Gaussian resonance centred at ~0 ppm could be a 
result of the presence of 7 and/or 8 coordinate Zr. However, there is a distinct lack 
of signal intensity around –2950 ppm, which could perhaps be due to an 
insufficient number of spectra being acquired to obtain the complete resonance. 
This can be seen in Table 7.4, where there are no spectra acquired at –0.14 or  
–0.30 MHz. Therefore, a more complete acquisition of this intense central 
resonance was attempted, using the offset frequencies listed in Table 7.4. Each 
spectrum was acquired for 40 minutes and the offset frequency was incremented 
systematically in steps of 0.16 MHz as shown in Figure 7.30a. The summation of 
the spectra, shown in Figure 7.30b can be compared to an expansion of the 
spectrum from Figure 7.29c, as shown in Figure 7.30c. It is now clear that after a 
more systematic acquisition of the broad central resonance at ~0 ppm, it is 
noticeably asymmetric in appearance, which is perhaps a result of the presence of 
two overlapping broad resonances. 
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Table 7.4: List of the possible offset frequencies for the acquisition of 
91
Zr CPMG NMR spectra of 
a static sample of Y2Zr2O7, separated by steps of 0.16 MHz. Only some of these offset frequencies 
were used to acquire the 
91
Zr spectra in Figure 7.29b and 7.30a. 
Possible 
! (ppm) 
Possible 
" / MHz 
Utilised " / MHz 
Figure 7.29b 
Utilised " / MHz 
Figure 7.30a 
4316 0.34 0.34 0.34 
2291 0.18  0.18 
266 0.02 0.02 0.02 
–1759 –0.14  –0.14 
–3784 –0.30  –0.30 
–5809 –0.46 –0.46 –0.46 
–7834 –0.62   
–9859 –0.78   
–11884 –0.94 –0.94  
–13909 –1.10   
–15934 –1.26   
–17959 –1.42   
–19984 –1.58   
–22009 –1.74 –1.74  
–24034 –1.90   
–26059 –2.06 –2.06  
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Figure 7.29: Lineshapes simulated using the calculated chemical shift and CQ for 6, 7 and 8 
coordinate Zr in a pyrochlore structure of Y2Zr2O7 (plotted in Figure 7.28) are shown in (a). The 
91
Zr (20.0 T) static CPMG spectra of Y2Zr2O7 are shown in (b) and (c). Each of the 6 spectra are a 
result of averaging 155000 transients with a recycle interval of 0.5 s, with spectra acquired with 
offset frequencies of 0.34, 0.02, –0.46, –0.94, –1.74 and –2.06 MHz. The 6 spectra shown in (b) 
were co-added to produce the final spectrum in (c). A range of possible offset frequencies 
separated by 0.16 MHz are indicated by green and purple lines, showing which offset frequencies 
were used when acquiring the spectrum. 
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Figure 7.30: 
91
Zr (20.0 T) static CPMG spectra of Y2Zr2O7. Each of the 6 spectra are a result of 
averaging 4600 transients with a recycle interval of 0.5 s, with spectra acquired with offset 
frequencies between 0.34 and –0.46 MHz in steps of 0.16 MHz, resulting in 6 spectra shown in 
(a), which were co-added to produce the final spectrum in (b). The co-added spectrum from Figure 
7.29c is also shown for comparison. 
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Figure 7.31: Simulations of 
91
Zr spectra with (a) !iso = –1000 ppm and CQ = 5.5 MHz and (b)  
!iso = –50 ppm and CQ = 13 MHz. The co-added 
91
Zr (20.0 T) static CPMG spectra of Y2Zr2O7 
from Figure 7.30b and Figure 7.29c are shown in (c) and (d), respectively. Purple and green 
coloured blocks are used to highlight the similarities between the simulated spectra in (a) and (b) 
to the experimental spectra in (c) and (d). 
 
In the spectrum shown in Figure 7.29c, besides the larger central resonance at 
~0 ppm, there are two smaller more Gaussian like resonances centred at 3700 and 
–5700 ppm and a third smaller resonance centred at –11700 ppm. Although these 
could be assigned to the central transition (CT) of an additional resonance, they 
could also be assigned to satellite transitions (ST) of the central resonance at ~0 
ppm. Therefore, simulated spectra can be compared to the experimental spectra to 
attempt to understand which resonances are present in the spectrum. The 
simulated spectrum shown in Figure 7.31a has !iso = –1000 ppm and CQ = 5.5 
MHz. It is clear that the singularities of the ST1 and ST2 of the simulated 
lineshape are in good agreement with the experimental resonances. However the 
CT of the simulation is found slightly upfield from that in the experiment. A 
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second simulated lineshape with !iso = –50 ppm and CQ = 13 MHz shown in 
Figure 7.31b was found to show good agreement with both CT and ST1. 
However, there is no evidence of ST2 in the experimental spectrum, which could 
be due to low signal intensity. It is, therefore, possible that in the disordered 
defect fluorite there are two distinct types of Zr present. 
 
7.5.5  
91
Zr NMR conclusions 
It was shown using a range of Zr containing compounds that 
91
Zr NMR 
parameters, specifically the chemical shift and CQ can be accurately calculated 
using DFT and show a reasonably good agreement with the experimentally 
determined values. The NMR parameters for the different Zr B-site NNN 
environments were then calculated for a pyrochlore-like structural model for  
Y2SnxZr2–xO7, where it was found that when the Zr content of Y2SnxZr2–xO7 
increased, the chemical shifts moved upfield and the magnitude of CQ was 
increased. However, due to the significant quadrupolar broadening and the 
relatively small change in the chemical shift, it is unlikely that any of the specific 
B-site NNN environments could be identified in the 
91
Zr NMR spectra, 
particularly for a disordered material. 
Owing to the time restrictions available for experiments and the difficult nature 
of 
91
Zr NMR it is unclear if the complete NMR spectrum was acquired 
experimentally. Although some tentative attempts were made to analyse the NMR 
spectra, it is clear that few useful results can be easily be obtained from 
91
Zr NMR 
of these materials. The analysis of the 
91
Zr NMR spectrum of Y2Zr2O7 indicated 
that there were possibly two types of Zr present with CQ values in the region of 
5.5 and 30 MHz. The DFT calculations predicted that 6, 7 and 8 coordinate Zr 
could have CQ values in the region of 78, 14 and 24 MHz respectively (although
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an ordered model was used in these calculations). Therefore, it is possible that the 
sites with CQ values of ~5.5 and ~30 MHz could be tentatively assigned to 7 and 8 
coordinate Zr respectively based upon the magnitude of CQ. Although no 6 
coordinate Zr was observed in the NMR spectrum of Y2Zr2O7, its presence cannot 
be ruled out, as this extremely broad and low intensity resonance would be very 
hard to detect. Therefore, any insight into the local structure obtained must be 
carried out indirectly using the results obtained from the more successful 
89
Y and 
119
Sn NMR studies. 
 
7.6  Discussion of Y2SnxZr2–xO7 
7.6.1  Analysis of cation ordering 
Owing to the fact that the basic formula of pyrochlore and disordered defect 
fluorite have identical proportions of Y relative to the other cations/anions, 
89
Y 
NMR can be used to determine the proportions of the pyrochlore and disordered 
phases present and the proportions of Y, Sn and Zr in each phase. However, 
119
Sn 
and 
91
Zr NMR can only be used to determine the relative proportions and/or 
presence of Sn and Zr respectively, in each phase. Therefore, the analysis of 
Y2SnxZr2–xO7 was based primarily on the 
89
Y NMR results, with the 
119
Sn NMR 
results being used to a lesser extent and the 
91
Zr NMR results not being included 
owing to the difficulty in the acquisition and analysis. 
Using the 
89
Y NMR spectra, the proportions of the pyrochlore and disordered 
phases were determined for each composition. The assignment of the pyrochlore 
resonances was confirmed by the comparison of experimental and calculated 
values of !iso and ". The proportions of Sn and Zr cations present in the 
pyrochlore phase were then determined, enabling the determination of the Sn and 
Zr cations present in the disordered phase to therefore be inferred. The Sn content 
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determined for pyrochlore and disordered phases were also in good agreement 
with the results obtained through a similar analysis of the 
119
Sn NMR spectra. 
Finally, the compositions of the pyrochlore and disordered phases were then 
calculated using two different methods, and the results were also in good 
agreement. Owing to the difficulty of acquiring high quality 
89
Y NMR spectra, 
there is expected to be some degree of error in the analytical fits of the spectra.  
As the Sn content of Y2SnxZr2–xO7 was increased, it was initially assumed that 
the decrease in the unit cell size (due to the replacement of Zr with the smaller Sn 
cations) would result in a change to the Y-O48f, Y-O8b and Sn-O48f bond lengths, 
which would result in a downfield shift of the resonances. DFT calculations 
predicted that a small downfield shift would be expected for 
89
Y and a small 
upfield shift for 
119
Sn, with increasing Sn content. In the experimental 
89
Y and 
119
Sn NMR spectra, there was no noticeable change in the chemical shifts of the 
resonances assigned to the Sn6 B-site NNN pyrochlore environment with 
composition, indicating that as the nominal Zr content of Y2SnxZr2–xO7 increases a 
limited proportion of Zr is incorporated into the pyrochlore phase, with the 
majority present in the disordered phase. This was in good agreement with the 
compositions of the pyrochlore and disordered phases determined using NMR 
spectroscopy, where it was found that as the nominal Zr content of Y2SnxZr2–xO7 
increased, the pyrochlore phase only incorporated Zr until around Y2Sn1.8Zr0.2O7, 
whereas the Zr content of the disordered phase increased linearly with the Zr 
content. As the disordered phase was difficult to study by DFT calculations, no 
investigation has been carried out to determine the cause of the upfield shift of the 
broad disordered resonances as the Zr content of the disordered phase was 
increased, although it is assumed a similar result would be obtained. 
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7.6.2  Analysis of anions/vacancies ordering 
From the 
89
Y and 
119
Sn NMR spectra it was determined that the pyrochlore 
phase contains 8 coordinate Y and 6 coordinate Sn, whereas in the disordered 
phase, 6, 7 and 8 coordinate Y and 6 coordinate Sn were present. Therefore, in the 
disordered phase there must be some form of preferential association of the 
anions/vacancies with respect to the cations. It is, therefore, unfortunate that due 
to the difficulties associated with 
91
Zr NMR, the coordination state of the Zr 
cations cannot be directly determined. However, using the results obtained from 
89
Y and 
119
Sn NMR results, some indirect conclusions about the anion ordering 
around Zr can be made. 
Utilising the proportions of the Y cations shown in Figure 7.4 and the 
proportions of the Sn and Zr cations which are both shown in Figure 7.9a, the 
proportions of the coordination states of the cations present in each Y2SnxZr2–xO7 
composition can be calculated, as shown in Figure 7.32a. Using this data, the 
proportion of the total vacancies that surround each cation in each phase can be 
determined. For example, in Y2Zr2O7 for every 100 cations, 15 are YO8 (8 
coordinate), 32 are YO7 and 3 are YO6 and finally, 50 are ZrOx with an unknown 
coordination state. Additionally, YO8, YO7 and YO6 can be described as having 0, 
1 and 2 oxygen vacancies in their nearest neighbour coordination sphere, 
respectively. Therefore, as the proportion of the vacancies surrounding YO8, YO7 
and YO6, are 0%, 32% and 6% respectively, the proportion of the vacancies 
surrounding ZrOx must be 62%. In an identical manner, the proportion of the 
vacancies surrounding the cations (Y, Sn and Zr) can be determined, as shown in 
Figure 7.32b for each Y2SnxZr2–xO7 composition. 
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Figure 7.32: (a) Plot of the proportion of the cations (Y, Sn and Zr) present in the pyrochlore and 
disordered phases for each Y2SnxZr2–xO7 composition, i.e., for each composition, the sum of all the 
cations in both phases will be equal to 100%. (b) Plot of the proportion of the vacancies 
surrounding the cations (Y, Sn and Zr) for each Y2SnxZr2–xO7 composition, i.e., for Y2Zr2O7, the 
proportion of the vacancies around YO7, YO6 and ZrOx are 32%, 6% and 62% respectively. 
 
The results shown in Figure 7.32 can also be used to determine the average 
coordination states of the cations. In Y2Zr2O7, the proportion of Y and Zr cations 
are each 50%, while the proportion of the vacancies surrounding the Y and Zr 
cations are 38% and 62%, respectively, as shown in Figure 7.32b. Therefore, the 
Y and Zr cations are on average coordinated to 0.76 and 1.24 vacancies, 
respectively, resulting in an average coordination state (to the neighbouring 
anions) of 7.24 and 6.76, respectively. In an identical manner, the average 
coordination states of the cations (Y, Sn and Zr) can be determined for each 
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Figure 7.33: Plot of the average coordination state for Y, Sn and Zr cations in the disordered phase 
as a function of the composition of Y2SnxZr2–xO7. 
 
Y2SnxZr2–xO7 composition. However, as it is known that in the pyrochlore phase 
Y, Sn and Zr are 8, 6 and 6 coordinate, respectively, only the average coordination 
states of the cations in the disordered phase are shown in Figure 7.33. It is now 
clear that in the disordered phase, as the Zr content of the Y2SnxZr2–xO7 increases, 
the average coordination state of Zr increases, and Y decreases. Therefore, as with 
Y, in the disordered phase there must be a mixture of coordination states, with 
differing proportions for the Zr cations. 
The information shown in Figure 7.32a can also be used to determine the 
different possibilities for the proportions of the coordination states of Zr, in the 
disordered phase. If it is assumed that the Zr cation can only be 6, 7 or 8 
coordinate, the proportion of the vacancies surrounding Zr can only be distributed 
in a limited number of ways. For Y2Zr2O7, as shown in Figure 7.32a, 50% of the 
cations are Zr. This proportion is denoted here as TC for the more general case. 
Additionally, as shown in Figure 7.32b, 62% of the vacancies surround Zr in the 
disordered phase and this value is denoted TV for the more general case. 
Therefore, the following two relationships can be stated, where Cn is the 
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proportion of each coordination state of the total percentage of cations available in 
the composition. First, the total proportion of 6, 7 and 8 coordinate Zr in the 
disordered phase must be equal to TC, 
 TC  =  C6 +C7 +C8.  (7.1) 
Second, the proportion of the vacancies surrounding 6, 7 and 8 coordinate Zr in 
the disordered phase, must be equal to TV, 
 T
V
 =  2C
6
+1C
7
+ 0C
8
. (7.2) 
As C6 cannot be greater than TC, C6 is defined as any integer below or equal to TC, 
 C
6
 =  1,2,3... n,  where n !  T
C
.  (7.3) 
Using Equations 7.2 and 7.3, C7 and C8 can now be determined through the 
following relationships,  
 C
7
 =  T
V
! 2C
6
,  where C
7
 "  0,  (7.4) 
 C
8
 =  T
C
!C
6
!C
7
,  where C
8
 "  0.  (7.5) 
Using this process, different possibilities for the proportions of C6, C7 and C8 
present in the disordered phase can be determined, as shown in Figure 7.34, in 
addition to the proportion of each type of Zr in the pyrochlore phase. For each 
plot, any vertical slice will be proportional to the total proportion of Zr present in 
both phases at that respective composition. Although there is a wide range of 
different possibilities for the proportions of 6, 7 and 8 coordinate Zr in the 
disordered phase, 6 coordinate Zr is always present and it is always present in a 
greater proportion than 8 coordinate Zr.  
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Figure 7.34: Plots of the different possibilities (each vertical slice is a different possiblility) for the 
proportions of the Zr coordination states in the pyrochlore and disordered phases for Zr-containing 
Y2SnxZr2–xO7 compositions. For each composition, the proportion of the pyrochlore and disordered 
phases will be equal to 100% of the Zr present. 
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7.7  
89
Y NMR investigation of Y2TixZr2–xO7 
7.7.1  
89
Y NMR spectra 
89
Y NMR spectra of Y2TixZr2–xO7 are shown in Figure 7.35, with the sharp 
resonances found for samples with low Zr content easily acquired with a spin 
echo, and the broader resonances for samples with higher Zr content acquired 
using CPMG. 
As the amount of Zr increases from Y2Ti2O7 to Y2Ti1.8Zr0.2O7, there is a slight 
broadening of the sharper resonance at 65 ppm and, perhaps unexpectedly, no 
additional sharp resonances that might be assigned to Zr containing B-site NNN 
environments in the pyrochlore phase. As previously discussed in Section 7.3.1, 
the three broad Gaussian resonances in Y2Zr2O7 at ~288, ~185 and ~75 ppm can 
be assigned to 6, 7 and 8 coordinate Y, respectively. As the Zr content of 
Y2TixZr2–xO7 increases, the resonances assigned to 7 and 8 coordinate Y, exhibit a 
distinctly asymmetric appearance before becoming more Gaussian-like as 
observed for Y2Zr2O7. 
The lack of evidence for additional sharp resonances attributed to a pyrochlore 
phase containing B-site NNN environments such as Ti5Zr and Ti4Zr2 B-site 
NNN environments could be due to a number of factors. It is possible that no Zr 
ever enters the pyrochlore phase resulting in a two phase mixture of Y2Ti2O7 and 
a Zr-rich disordered phase, or that these resonances do exist, but the variation in 
chemical shift as the Zr content increases is so small that they are not easily 
resolved. Therefore, it is possible that the asymmetric appearance of the resonance 
assigned to 8 coordinate Y could be a result of a number of unresolved resonances 
from the pyrochlore phase which appear further downfield from the resonance 
assigned to the pyrochlore Ti6 B-site NNN environment. 
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Figure 7.35: 
89
Y (14.1 T) MAS NMR spectra of Y2TixZr2–xO7 with x = 2.0, 1.8, 1.6, 1.4, 1.2, 1.0, 
0.8, 0.6, 0.4, 0.2 and 0.0. Spin echo spectra are a result of averaging 80 and 1136 transients, and 
CPMG spectra are a result of averaging between 36 and 750 transients consisting of 64 to 750 
echoes with a frequency domain spikelet spacing of 167 Hz. Recycle interval of 100 s and a MAS 
rate of 14 kHz were also used. 
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The resonance assigned to 7 coordinate Y is presumed to consist of resonances 
from the disordered phase only, whereas the resonance assigned to 8 coordinate Y 
is likely to be the result of overlapped resonances from both the pyrochlore and 
disordered phases. As the broad resonances assigned to 7 and 8 coordinate Y have 
a similar initial (from x = 0 onwards) asymmetric appearance, it is possible that 
the asymmetric shape of the resonance assigned to 8 coordinate Y is not a result 
of further resonances from the pyrochlore phase, but resonances from the 
disordered phase. 
Unfortunately, as the sharp resonances from the pyrochlore phase and the 
broad resonances from the disordered phase cannot be readily distinguished the 
information that can be extracted from the 
89
Y NMR spectra is more limited than 
for the previous work on Y2SnxZr2–xO7. 
 
7.7.2  
89
Y DFT calculations 
The 
89
Y NMR parameters for a range of different B-site NNN environments in 
Y2TixZr2–xO7 were calculated in a similar manner to previous work using 
89
Y 
NMR
127
 described in Section 3.3.2, using a Y2Ti2O7 pyrochlore unit cell. As for 
Y2SnxZr2–xO7, these calculations predict the NMR parameters for the pyrochlore-
like structure only, as a model with ordered vacancies was used. 
The resulting calculated 
89
Y chemical shifts from all of the Y cations present in 
the unit cells are plotted in Figure 7.36a as a function of n Ti NNN. For the Ti5Zr 
NNN environment a few outlying points are observed at 44 and 49 ppm, separated 
from the shifts more generally observed. 
89
Y DFT calculations carried out by 
Reader et al.
128
 for the Y2SnxTi2–xO7 solid solution showed that on some occasions 
the periodicity imposed on the system in this type of calculation resulted in 
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Figure 7.36: (a) Plot of the calculated 
89
Y chemical shift, !
iso
calc , as a function of n Sn NNN. (b) Plot 
of the 
89
Y calculated chemical shift, !
iso
calc , as a function of the deviation from 180° of the  
(O8b-Y-O8b) bond angle. Data points were obtained from a series of calculations based on the 
pyrochlore unit cell of Y2Ti2O7. 
 
distortions of the local geometry, such as an increased deviation of the  
(O8b-Y-O8b) bond angle away from 180°, which in turn resulted in a downfield 
shift of the resonance. Therefore, the dependence of the calculated shift upon the 
deviation of this bond angle away from the ideal 180° is plotted in Figure 7.36b. It 
is clear that the outlying data points (with chemical shifts of 44 and 49 ppm) 
exhibit the largest deviations in the (O8b-Y-O8b) bond angle. Therefore, these 
outlying data points can probably be neglected in the subsequent analysis. 
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Figure 7.37: Plot of the calculated 
89
Y span, !calc , as a function of n Sn NNN. Data points were 
obtained from a series of calculations based on the pyrochlore unit cell of Y2Ti2O7. 
 
The addition of Zr to the B-site NNN environment results in only a small 
upfield shift of ~8 ppm as shown in Figure 7.36a. The range of the chemical shifts 
observed for the resonances from the Ti6, Ti5Zr and Ti4Zr2 B-site NNN 
environments are 14, 18 and 24 ppm, respectively. As no calculations were 
carried out using a Y2Zr2O7 unit cell, the chemical shift ranges for the Zr rich 
environments have not yet been determined. As there is considerable overlap of 
the chemical shift ranges for different B-site NNN environments, resonances from 
the different environments are unlikely to be resolved in an experimental 
spectrum. 
As explained previously in Section 6.3.1, a larger ! is expected as the rA/rB 
ratio decreases, reflecting the greater deviation of the O48f anion from its point in 
the ideal fluorite structure, to accommodate two differently sized cations. 
Therefore, as rA/rB ratios are 1.68 and 1.42 for Y2Ti2O7 and Y2Zr2O7, respectively, 
! is expected to be larger for Y2Ti2O7 and smaller for Y2Zr2O7. The calculated ! 
is plotted as a function of the n Ti NNN environment, in Figure 7.37 and shows 
that the value of ! increases by ~40 ppm as the Ti content of the B-site NNN 
environment increases. The range of calculated ! for the Ti6, Ti5Zr and Ti4Zr2 
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B-site NNN environments are 145, 150 and 134 ppm respectively. Although there 
is a reasonable overlap of the values of ! determined for many of the B-site NNN 
environments, the change in the magnitude of ! per n Ti NNN environment is 
still sufficiently large enough to aid in the assignment of the resonances. 
Although there is a large degree of overlap of the range of chemical shifts and 
! from different B-site NNN environments, there is a still a consistent trend of an 
upfield shift and a decrease in the magnitude of the span as the Zr content of the 
B-site NNN environment increases. Therefore, it still might be possible to use 
both of these NMR parameters to aid the assignment of NMR spectra in future 
work. 
 
7.7.3  Comparison of 
89
Y NMR of Y2TixZr2–xO7 and Y2SnxZr2–xO7 
Owing to the difficulty of assigning the 
89
Y NMR spectra of Y2TixZr2–xO7 
directly, tentative conclusions can be proposed based upon the comparison to the 
results obtained for Y2SnxZr2–xO7. A comparison of the proportion of the 6, 7 and 
8 coordinate Y determined from the 
89
Y NMR spectra of Y2TixZr2–xO7 and 
Y2SnxZr2–xO7 are shown in Figure 7.38a. These can be used to determine the 
average coordination number of Y, which is shown in Figure 7.38b. In both cases, 
a good agreement is found between the results obtained from Y2TixZr2–xO7 and 
Y2SnxZr2–xO7. Therefore, it is possible that the results obtained in Y2SnxZr2–xO7, 
such as the percentage and compositions of the pyrochlore and disordered phases 
could well be similar to those in Y2TixZr2–xO7. 
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Figure 7.38: Plot of (a) the integrated intensities of the resonances attributed to 8, 7 and 6 
coordinate Y (YO8, YO7 and YO6, respectively) and (b) the average coordination state of Y, as a 
function of x for Y2BxZr2–xO7, where B = Sn and Ti. 
 
7.7.4  
89
Y NMR conclusions 
The 
89
Y DFT calculations indicate that as the Zr content of the B-site NNN 
environment increases, there will be a small upfield shift, typically of ~8 ppm in 
each case. In the 
89
Y NMR spectra there are no noticeable resonances or shoulders 
found upfield from the Ti6 resonance at 65 ppm that could indicate the presence 
of additional pyrochlore resonances. However, it is also possible that the upfield 
shift is too small to be detected, resulting in an overlap of the additional 
resonances from the Zr containing pyrochlore. Unfortunately, as the resonances 
from the pyrochlore and disordered phases cannot be easily differentiated in the
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89
Y NMR spectra, it cannot be proved conclusively that there is a mixture of 
pyrochlore and disordered phases. 
The results obtained by Wuensch et al. showed that as the Zr content of 
Y2TixZr2–xO7 was increased, the pure phase pyrochlore (Y2Ti2O7) gave way to a 
mixture of pyrochlore and fluorite-like phases before reaching a pure phase defect 
fluorite (Y2Zr2O7). This behaviour was also found for Y2SnxZr2–xO7 by diffraction 
studies by Wuensch et al. and through the analysis using 
89
Y NMR in this work. 
The comparison of the proportions of 6, 7, and 8 coordinate Y in Y2TixZr2–xO7 and 
Y2SnxZr2–xO7 from 
89
Y NMR spectra, are in good agreement. This could, perhaps 
indicate that the local environment found for Y2SnxZr2–xO7 are similar to those 
found for Y2SnxZr2–xO7. 
 
7.8  Conclusions 
The investigation of Y2SnxZr2–xO7 using 
89
Y, 
119
Sn and 
91
Zr NMR has shown 
that 
89
Y NMR should be used as a primary NMR nucleus to determine the 
proportions and compositions of the pyrochlore and disordered phases. It was 
found that the pyrochlore phase could only accommodate a limited proportion of 
Zr, and regardless of the proportion of Zr present, the maximum concentration of 
Zr in the pyrochlore was found to be, Y2Sn1.8Zr0.2O7. Additionally, in the 
pyrochlore phase the Sn and Zr cations were determined to be randomly ordered 
over the B-sites. It was also found in both 
89
Y and 
119
Sn NMR that there was some 
form of preferential association between the cations and anions. 
However, a number of questions remain unanswered. Without the 
identification and determination of the proportions of the Zr coordination states, 
the anion ordering cannot be completely determined, although NMR could still be 
used to validate any structural model proposed. Additionally, the cation ordering 
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cannot be unambiguously determined through the use of 
89
Y, 
119
Sn and 
91
Zr NMR. 
Therefore, further work is required for Y2SnxZr2–xO7, perhaps most obviously 
17
O 
enrichment of the samples, to allow the use of 
17
O NMR, which would allow the 
identification and determination of the relative proportions of the different oxygen 
environments. This would allow the ordering of the cations and anions to be 
determined. 
Following the success of the use of 
89
Y NMR for the study of Y2SnxZr2–xO7, it 
was hoped a similar level of success would be obtained for Y2TixZr2–xO7. 
Unfortunately, the analysis of the 
89
Y NMR spectra was not as straightforward 
and the resonances corresponding to the pyrochlore and disordered resonances 
could not be easily distinguished, preventing the detailed determination of the 
proportions and compositions of the pyrochlore and disordered phases from 
simple MAS spectra. 
DFT calculations proved useful when analysing the pyrochlore structure of 
Y2SnxZr2–xO7 and Y2TixZr2–xO7. However, initial attempts to study anion and 
cation disorder found in the defect fluorite Y2Zr2O7 proved difficult. It is hoped 
that future work on this problem would aid the interpretation of the NMR spectra 
of the disordered phases, particularly in Y2TixZr2–xO7, which requires more 
investigation. 
The analysis of Y2SnxZr2–xO7 and Y2TixZr2–xO7 using solid-state NMR and 
DFT calculations has demonstrated that although there is a potential for a lot of 
information to be extracted, however, this information is not always easily 
accessible. As always, a combination of as many analysis techniques as possible 
will provide the most complete structural picture. Therefore, the information 
gained through NMR can impart valuable information that could be used to aid in 
the interpretation of diffraction studies. 
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 Conclusions and future work 
  
 
 
8.1  Conclusions 
The work contained within this thesis is focused on the application of solid-
state NMR and DFT calculations for the study of pyrochlore and defect fluorite 
materials. Some of these materials have found particular use for their ability to 
safely encapsulate radioactive cations for long term storage and disposal. In 
particular, the Y2SnxTi2–xO7, Y2SnxZr2–xO7 and Y2TixZr2–xO7 solid solutions were 
studied in this thesis. 
The analysis of the relatively straightforward Y2SnxTi2–xO7 pyrochlore solid 
solution was carried out first, before the more complex Y2SnxZr2–xO7 and  
Y2TixZr2–xO7 series, which transform from pyrochlore (Y2Sn2O7 and Y2Ti2O7) to 
defect fluorite (Y2Zr2O7). Previous work on the analysis of the Y2SnxTi2–xO7 solid 
solution using 
89
Y chemical shifts, !iso, allowed the resonances to be assigned to 
specific B-site NNN environments. From this tentative assignment, it was possible 
to show that the Sn and Ti cations appeared to be randomly distributed on the  
B-sites. 
In addition to 
89
Y NMR, there are a number of alternative NMR active nuclei 
that are available for study in these solid solutions. However, it was demonstrated 
in this thesis that none of the alternative nuclei were as successful as 
89
Y for the 
study of Y2SnxTi2–xO7 series. The information that could be extracted from the 
119
Sn NMR spectra was unfortunately limited, due to the overlapping resonances, 
an observation which was subsequently explained using DFT calculations. 
However, 
119
Sn NMR was able to provide support for the previous conclusions 
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about B-site ordering determined from the 
89
Y NMR spectra. 
17
O NMR, although 
useful, was limited by the fact that the samples would have to be 
17
O enriched, a 
process undertaken in this work, for only a single sample. The presence of the 
quadrupolar interaction for 
17
O leads to challenges in both acquiring and 
interpreting (particularly in any quantitative manner) experimental spectra, but it 
does offer an additional sensitive probe of the local environment. Finally, 
47/49
Ti 
NMR was found to be the most challenging approach, owing to the presence of 
lineshapes from the two isotopes in the spectra and the very large quadrupolar 
broadening present. This limits the spectral resolution, particularly for disordered 
materials. DFT calculations support the experimental observations, and suggest 
little useful information can be obtained easily from this approach. 
As the analysis of disorder in the Y2SnxTi2–xO7 solid solution is based upon the 
correct assignment of the resonances in the 
89
Y NMR spectra, the use of a second 
NMR parameter, in addition to !iso, to probe the local structure would increase 
confidence in the assignment and the subsequent conclusions of the analysis. It 
was demonstrated that the magnitude of the anisotropic shielding, i.e., the span, 
", could be measured experimentally using a modified version of the 2D CSA-
amplified PASS (CAPASS) experiment. As the previous implementation of the 
CAPASS experiment had been for nuclei with higher #, such as 
13
C and 
31
P, the 
use of this approach for 
89
Y (a nucleus with much lower # and much lower 
sensitivity) was first tested before its application to the Y2SnxTi2–xO7 solid 
solution. It was determined that due to the inherently lower rf powers available for 
low # nuclei, the resulting long lengths of the ! pulses were detrimental to the 
performance of the experiment. More specifically, it was determined that as the 
ratio $1/"Hz decreased, the variation of the relative intensities of the sideband 
manifold from that expected in the ideal case was more significant. However, by 
fitting the experimental CAPASS spectra to a simulation of the CAPASS spectra, 
(with parameters chosen to closely match the experimental magnetic field and rf 
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field strengths) rather than an ideal MAS spectrum, the fitting procedure could be 
used to compensate for this variation in the sideband manifold and obtain an 
accurate measurement of !. 
As the assignment of the 
89
Y NMR spectra of the Y2SnxTi2–xO7 solid solution 
was successfully confirmed using a comparison of the experimental measurement 
of "iso and ! with values obtained using DFT calculations, it was, therefore, also 
confirmed that the Sn and Ti cations were randomly distributed on the pyrochlore 
B-sites. The DFT calculations also revealed a link between ! and the Y-O bond 
lengths, allowing the average Y-O48f and Y-O8b bond lengths to be extracted for 
each type of B-site NNN environment; information that would be difficult to 
extract from diffraction where an average structure is obtained. 
In the final chapter of the thesis, investigation of the more complex  
Y2SnxZr2–xO7 and Y2TixZr2–xO7 materials which are thought to transform from 
pyrochlore (Y2Sn2O7 and Y2Ti2O7) to defect fluorite (Y2Zr2O7) was undertaken. 
However, in Y2SnxZr2–xO7, it was found that there was no point at which a single 
phase pyrochlore transformed to a single phase defect fluorite. Instead, a two 
phase mixture of an ordered pyrochlore and disordered phase was found for many 
of the compositions. 
89
Y NMR was again found to be the most useful of the 
available NMR-active nuclei, as it is the only species which could be used to 
determine both the proportions and compositions of the pyrochlore and disordered 
phases found for many samples. In the 
89
Y NMR spectra of Y2SnxZr2–xO7, the 
sharp resonances from the pyrochlore phase and the broad disordered resonances 
from the disordered phase could be easily distinguished, allowing the 
determination of the proportions and compositions of the two to be determined. 
These results were subsequently confirmed using 
119
Sn NMR. 
91
Zr NMR was also 
attempted; however, owing to the low receptivity and large quadrupolar 
couplings, the acquisition of the 
91
Zr NMR spectra proved extremely challenging 
and little useful information could be obtained. Finally, it was demonstrated that
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there was some preferential association between the cations and anions/vacancies. 
This was determined from the intensities of the resonances attributed to 6, 7 and 8 
coordinate Y, and the observation that only six-coordinate Sn was present in all 
materials. Although no information on the local environment of Zr could be 
obtained from the 
91
Zr NMR spectra, the results from the 
89
Y and 
119
Sn NMR 
spectra could be used to determine a range of different possibilities for the 
proportions of 6, 7 and 8 coordinate Zr, and demonstrated that there is definitely 6 
coordinate Zr present. 
In the 
89
Y NMR spectra of Y2TixZr2–xO7, the sharp resonances from the 
pyrochlore phase and the broad resonances from the disordered phase could not be 
easily distinguished. Furthermore, the DFT calculations showed that as the 
proportion of Zr in the B-site NNN resonances increased, there was only a small 
upfield shift, which could result in overlapping resonances, further increasing the 
difficulty in interpreting the 
89
Y NMR spectra. However, the proportions of 6, 7, 
and 8 coordinate Y were in good agreement with those found in the 
89
Y NMR 
spectra of Y2SnxZr2–xO7. Therefore, it might be possible that a similar mix of 
pyrochlore and disordered phases exists in the compositions of Y2TixZr2–xO7. 
 
8.2  Future work 
It is thought that no additional work is required on the Y2SnxTi2–xO7 solid 
solution, as an unambiguous assignment and analysis of the 
89
Y NMR spectra has 
been carried out, concluding that the Sn and Ti cations were randomly distributed 
throughout the B-sites. However, the analysis of the cations and anions/vacancies 
within the more complex Y2SnxZr2–xO7 and Y2TixZr2–xO7 series has not yet been 
completed.  
As the analysis of Y2SnxZr2–xO7 was primarily based upon the use of 
89
Y NMR, 
the correct (and unambiguous) assignment of the 
89
Y NMR spectra is crucial. 
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Therefore, the measurement of both !iso and " would give a greater confidence in 
the assignment. However, due to the poor receptivity of 
89
Y, the use of CAPASS 
would not be suitable for the study of the broad disordered resonances found in 
Y2Zr2O7. One possible solution to this problem could be to implement CPMG 
acquisition onto the CAPASS experiment. 
Additional information could also be gained through the 
17
O enrichment of 
Y2SnxZr2–xO7 and Y2TixZr2–xO7, allowing the acquisition of 
17
O NMR spectra. 
This would allow the identification and determination of the relative proportions 
of the different oxygen environments and linkages. This should, therefore, allow 
the ordering of the cations and anions to be determined. 
The use of DFT calculations to provide insight and information on the 
pyrochlore materials was relatively straightforward and proved an invaluable 
technique to their study. However, its application to the disordered defect fluorite 
like structures proved highly challenging. A study of the initial anion disorder 
process present in the pyrochlore (Y2Sn2O7 or Y2Ti2O7) phase could be carried out 
to determine the NMR parameters for the types of environments this would create. 
Similarly, a study of the pyrochlore Y2Zr2O7 could be carried out where different 
permutations of the 8a, 8b and 48f anions and vacancies can be used to create 6, 7 
and 8 coordination states. This could, perhaps, lead to some information about the 
preferential movement of the anions. Finally, to study the models for disorder in 
the defect fluorite materials, the use of larger computational clusters would allow 
the use of large supercells, which could better represent the possible environments 
present in these materials. 
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  A  
 Theory for MAS and spinning sidebands 
  
 
 
A.1  Introduction 
For the chemical shift anisotropy, CSA, interaction, Matti Maricq and 
Waugh
211
 found that the CSA can only be completely removed if the magnitude 
of the spinning rate is greater than the CSA. In intermediate or slow MAS 
regimes, the free induction decay, FID, has the form of a train of rotational spin 
echoes, which, after a Fourier transformation produces a series of so-called 
“spinning sidebands” which are found at increments of the MAS frequency from 
the isotropic peak. A slow MAS spectrum with spinning sidebands can, similar to 
a static spectrum reveal information about the CSA. The following description of 
the origin of spinning sidebands was primarily based on a review by Antzutkin.
212
 
 
A.2  Describing the CSA 
The basic nuclear spin interactions that occur in solids can be divided into 
those which involve external fields, ext, and those which involve internal fields, 
int, 
 
H  =  H
ext( ) + H int( )
=  H
Z
+ H
rf( ) + HD + HCS + H J + HQ( ),  
(A.1) 
where the interactions involving external fields are the Zeeman interaction, Z and 
the applied rf field during a pulse, rf. The interactions involving internal fields are 
the dipolar coupling, D; chemical shielding, CS; J-coupling, J and quadrupolar 
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couplings, Q. The spin Hamiltonian of these internal interactions can be described 
in the matrix-vector form as, 
 
H  =  I !R !X
=  Ix Iy Iz( )
R
xx
R
xy
R
xz
R
yx
R
yy
R
yz
R
zx
R
zy
R
zz
"
#
$
$
$$
%
&
'
'
''
X
x
X
y
X
z
"
#
$
$
$
%
&
'
'
'
,  
(A.2) 
where the spin system is described in terms of Cartesian operators, and the 
second-rank Cartesian tensor, R, describes the interaction between the entities I 
and X.  
Although the Cartesian coordinate system, provides a simple way of thinking 
about the shielding tensor in the principal axis frame, it is too complicated when 
attempting to convert a tensor from one frame to another. Alternatively, we can 
use the irreducible spherical tensor representation where the Hamiltonian is 
defined as  
 H  =  !1( )
q
AkqTk!q
q=!k
+k
"
k=0
2
" ,  (A.3) 
where Akq  and Tk!q  are irreducible spherical tensors of rank k describing the 
spatial and spin parts of the Hamiltonian respectively. However, in NMR, the 
large external magnetic field allows the use of the secular, or high-field, 
approximation as 
 
H
0
 !  H
int
. This allows the terms which do not commute with 
H0 to be omitted, leading to the truncated form, 
 H  =  A
k0
L
T
k0
L
k=0
2
! ,  (A.4) 
where L stands for the laboratory frame. 
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A.3  Effects of MAS on the CSA interaction 
To describe the effects of MAS on the shielding interaction we will need to 
describe how the shielding tensor in the principal axis frame, P, behaves when 
spinning in the rotor frame, R, which is relative to the laboratory frame, L, as 
shown in Figure A.1. The rotation of one frame to another, is best described by a 
Wigner rotation matrix element,
 
Dmp
k( )
!
PR( ) , in which the rotation !PR
 
from 
frame P to frame R is described by Euler angles !
PR
, !
PR
 and !
PR
. We can 
therefore describe the rotation between the two different frames, A and B, as 
 Akq
B
 =  Akp
A
Dpq
k( )
!
AB( )
p="k
k
# ,  (A.5) 
where the Wigner rotation matrix element is 
 D
mn
k( ) !,",#( )  =  exp $im!( )dmn
k( ) "( )exp $im#( ),  (A.6) 
and d
mn
k( ) !( )  is a reduced Wigner rotation matrix element. The rotation of the 
second-rank tensor from the principal axis frame to rotor frame to the laboratory 
frame can therefore be described as 
 
A
20
L
 = A
2m
R
m=!2
2
" Dm0
2( )
#
RL( )
= A
2 $m
P
D
$m m
2( )
#
PR( )Dm0
2( )
#
RL( )
$m =!2
2
"
m=!2
2
" .
 (A.7) 
Using Equation A.7 it is possible to define the time-dependent precession 
frequency of the magnetisation in the laboratory frame for a crystallite with 
orientation !
PL  
 
! "
PL
t( )( )  =  ! iso + A2 #m
P
D
#m m
2( )
"
PR( )Dm0
2( )
"
PL
t( )( )
#m =$2
2
%
m=$2
2
% ,
 
(A.8) 
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Figure A.1: Schematic of the relationships between the principal axis frame, P, rotor frame, R, and 
laboratory frame, L. 
 
where !
RL
t( )( )  =  "RL
0 #$
r
t,%
RL
,0{ } describes the sample rotation with a 
frequency of !
r
, about an axis tilted by !
RL
 with respect to the z-axis of the 
laboratory frame. The angle !
RL
0  is a rotor-synchronisation phase that is under 
experimental control. 
Using Equations A.7 and A.8 we can define the time dependent precession 
frequency as 
 
! "PL t( )( )  =  !
m( )
m=#2
2
$ "PR( )exp im! rt( ),
 
(A.9) 
where the coefficient !
m( )  is described as the Fourier components 
 
! m( ) "PR( )  =  A2 #m
P
D2 #m
2( )
#m =$2
2
% "PR( )dm02( ) &RL( )exp $im'RL0( )
+(
m0! iso ,  
(A.10) 
 
 
x y
z
!PR !RL
!PL
Laboratory framePrincipal axis frame Rotor frame
x
y
z
x
y
z
A.3 Effects of MAS on the CSA interaction 
 
 255 
and !
RL
 is the angle of the sample rotation axis to the z-axis. The m = 0 Fourier 
component can be written as 
 
! 0( ) "
PR( )  =  A2 #m
P
D
2 #m
2( )
#m =$2
2
% "PR( )d002( ) &RL( ) +! iso .
 
(A.11) 
It can be seen that if !
RL
 is set to the magic angle, then d
00
2( ) !
RL( )  =  0  and 
!
0( )
"
PR( )  will therefore be independent of the orientation of !PR and be equal to 
!
iso
. However, when considering Equation A.9 we can see that the precession 
frequency is modulated by two frequencies, !
r
 and 2!
r
. This causes the signal 
from each crystallite to break up into a series of peaks at increments of the MAS 
rate, !
r
 known as spinning sidebands.  
After preparation of transverse magnetisation at t  =  0 , the NMR signal at 
time t  !  0  is proportional to 
 
s t;!PR( )  =  exp i" t,0;!PR( ){ },
 
(A.12) 
where the phase function can be described as 
 
! t
b
;t
a
;"
PR( )  =  #
0( )
t
b
$ t
a( ) + % tb;"PR( )$ % ta;"PR( ),
 
(A.13) 
where the difference ! t
b
;"
PR( )# ! ta;"PR( )  describes the phase accumulated by 
the magnetisation during the acquisition time due to the anisotropic part of the 
chemical shift, where the ! function is defined as  
 
! t;"PR( )  =  
# m( ) "PR( )exp im# rt( )
im# rm$0
% ,
 
(A.14) 
and where the ! function is periodic with the period !
r
 =  2! /"
r
.  Besides the 
!
0( )  term, the NMR signal also inherits the property, 
 
s t + n!r ;"PR( )  =  s t;"PR( )exp i#c
0( )
n!r( ),
 
(A.15) 
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which can be written as the Fourier series 
 
s t;!PR( )  =  a
k( )
!PR( )exp i "
0( )
+ k" r( )t{ }
k=#$
$
% ,
 
(A.16) 
where the complex coefficients a
k( )
!
PR( )  describe the amplitudes of spinning 
sidebands located at frequencies of !
c
0( )
+ k!
r
 and k is the spinning sideband 
order.   
Therefore at infinitely fast spinning rates, as shown in Equation A.14, the ! 
function vanishes and therefore the NMR signal oscillates at the isotropic shift 
frequencies only. However under moderate spinning rates, the anisotropic 
component remains, which results in the generation of spinning sidebands.  
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   B  
 Refocused-INADEQUATE phase cycling 
  
 
 
As there exists a number of possible ways to phase cycle the coherence 
pathway for the refocused-INADEQUATE experiment as shown in Figure B.1. 
The phase cycling used for the refocused-INADEQUATE experiment in this 
thesis is shown in Table B.1. 
 
 
Figure B.1: Pulse sequence and coherence pathway diagram for the solid-state refocused-
INADEQUATE experiment, with !/2 pulses shown in black and ! pulses shown in grey. Pulses 
are denoted as P1 to P5 for identification in phase cycling. 
 
 
 
 
 
P1 P2 P3 P4 P5
! ! ! !t
1
t
2
+2
+1
0
–1
–2
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Figure B.1: Table showing the 16 step phase cycle for the refocused-INADEQUATE experiment 
as shown in Figure B.1, where the phases for the pulses P1 to P5 and the receiver are shown in 
degrees. 
Step P1 (°) P2 (°) P3 (°) P4 (°) P5 (°) Rec. (°) 
1 0 95 0 90 0 0 
2 95 190 95 90 0 180 
3 190 285 180 90 0 0 
4 285 0 285 90 0 180 
5 0 190 0 90 0 180 
6 95 285 95 90 0 0 
7 190 0 190 90 0 180 
8 285 95 285 90 0 0 
9 0 285 0 90 0 0 
10 95 0 95 90 0 180 
11 190 95 190 90 0 0 
12 285 190 285 90 0 180 
13 0 0 0 90 0 180 
14 95 95 95 90 0 0 
15 190 180 190 90 0 180 
16 285 285 285 90 0 0 
 
259 
  C  
 Geometry optimisations on Y2Sn2O7 
  
 
 
Calculations were carried out using the CASTEP 4.3, DFT code, on the 
EaStCHEM Research Computing Facility Cluster, with a k-point spacing of 0.04 
Å–1 and a cut-off energy of 50 Ry. A comparison between structural models of 
Y2Sn2O7 obtained after DFT geometry optimisation with fixed and variable cell 
parameters. 
The results in Table C.1, show the values of the unit cell parameters for 
Y2Sn2O7 after geometry optimisations have taken place where the unit cell 
parameters remained fixed or allowed to vary. When the unit cell parameters are 
allowed to vary, it can be seen that although the angles are unchanged, the unit 
cell lengths have increased from their initial values by ~0.1 Å. 
During geometry optimisation with fixed and variable unit cell parameters, the 
forces on the atoms are also minimised. The forces for a O48f, O8b, Sn and Y atom 
during a geometry optimisation with fixed unit cell parameters are shown in Table 
C.2 and variable unit cell parameters is shown in Table C.3. Although both 
geometry optimisations are successful in minimising the forces on the atoms, the 
forces in the geometry optimisation with fixed unit cell parameters are slightly 
higher, owing to the restriction of having fixed unit cell parameters. 
As a final point, the NMR parameters were calculated after both geometry 
optimisations, the slight differences in the NMR parameters obtained, can be seen 
in Table C.4 
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Table C.1: Values of the unit cell parameters; lengths (a, b and c) and angles (!, " and #) for 
Y2Sn2O7. The results are shown for geometry optimisations allowing fixed and variable unit cell 
parameters. 
  Fixed / Original Variable 
a / Å 10.37537 10.481089 
b / Å 10.37537 10.481089 
c / Å 10.37537 10.481089 
! (°) 90 90 
" (°) 90 90 
# (°) 90 90 
 
Table C.2: Representative forces on the atoms in Y2Sn2O7, proior and post geometry optimisation 
with fixed unit cell parameters. 
Atom Cartesian 
component 
Prior / eV/Å Post / eV/Å 
O48f x 0.65413 0.00427 
O48f y 0 0 
O48f z  0 0 
O8b x 0 0 
O8b y 0 0 
O8b z  0 0 
Sn x –0.00003 0.00009 
Sn y 0.00001 –0.00004 
Sn z  0.00001 –0.00004 
Y x 0.00002 –0.00006 
Y y –0.00001 0.00003 
Y z  –0.00001 0.00003 
 
C. Geometry optimisations on Y2Sn2O7 
 
 261 
Table C.3: Representative forces on the atoms in Y2Sn2O7, proior and post geometry optimisation 
with variable unit cell parameters. 
Atom Cartesian 
component 
Prior / eV/Å Post / eV/Å 
O48f x 0.65240 0.00111 
O48f y 0 0 
O48f z  0 0 
O8b x 0 0 
O8b y 0 0 
O8b z  0 0 
Sn x 0 0 
Sn y 0 0 
Sn z  0 0 
Y x –0.00001 0 
Y y 0.00001 0 
Y z  0.00001 0 
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Table C.4: Representative NMR parameters on the atoms in Y2Sn2O7, after geometry 
optimisations with fixed and variable unit cell parameters. 
Atom Parameter Fixed Variable 
O48f !iso (ppm) 37.44 28.32 
O48f "! (ppm) 26.93 22.23 
O48f # 0.17  0.40  
O48f CQ / MHz 3.423  3.512 
O48f #Q 0.27 0.35 
O8b !iso (ppm) –186.03  –185.79  
O8b "! (ppm) 0  0  
O8b # 0.93 0.91 
O8b CQ / MHz 0  0  
O8b #Q 0 0 
Sn !iso (ppm) 2993.26  3006.45  
Sn "! (ppm) –20.60  –30.82  
Sn # 0 0 
Y !iso 2471.82  2481.90  
Y "! 157.08  163.35  
Y # 0 0 
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  D  
 Theory for 2D CSA-amplified PASS 
(CAPASS) 
  
 
 
D.1  A carousel of spins 
The following discussion on the theory of the 2D CSA-amplified PASS 
(CAPASS) experiment is taken from the work of Antzutkin et al.,
213
 Shao et 
al.
180,214
 and Orr et al.
173
 To explain how CAPASS works, we must first consider 
the orientation of the shielding tensor to the fixed rotor frame, which can be 
described by the three Euler angles: 
 
!
PR
 =  "
PR
,#
PR
,$
PR{ },  (B.1) 
where P denotes the principal axis frame and R denotes the rotor frame, wherein 
these angles remain fixed throughout the spinning of the rotor. However, 
throughout this spinning, the orientation of the rotor frame will invariably change 
in relation to the laboratory frame, where, under magic angle spinning, this 
orientation can be described by 
 
!
RL
 =  "
RL
,#
RL
,$
RL{ }
=  %
r
t, tan
&1
2,0{ }.
 (B.2) 
Therefore, when considering the relation of the principal axis frame to the 
laboratory frame under magic angle spinning, this complicated system can be 
simplified through the consideration of a “carousel” of sites denoted by subscript 
c. This carousel is formed from chemically equivalent sites, which are brought 
into coincidence through a rotation around the spinning axis, leading to the 
carousel possessing identical values of !
PR
 and !
PR
 but different values of !
PR
, 
D.2 Description of the 2D CAPASS experiment 
 
 264 
where !
PR
 is denoted as !  from this point on. The evolution of the transverse 
magnetisation associated with the spins in a carousel can now be described by the 
rotating-frame precession frequency 
 
!c t;"( )  =  !c
m( )
m=#2
2
$ "( )exp im! rt( ),
  
(B.3) 
where the coefficient !
c
m( )  is described as 
 
!
c
m( ) "( )  =  A2 #m D2 #m
2
#m =$2
2
% &,',"( )d$m02 '0( ) + (m0! iso ,
 
(B.4) 
in which the principal components of the chemical shift tensor, A
2 !m  are described 
alongside the two Wigner rotations D !,",#( )  and d !
0( ) , where !0  is the magic 
angle. It can be seen that under the magic angle condition !
c
0( )
 =  !
iso
.  
 
D.2  Description of the 2D CAPASS experiment 
Considering the 2D CAPASS experiment, the ideal MAS FID can be described 
as 
 
Sc t1,t2;!( )  =  exp i Ni"c
0( )
t1 + Na #c t1;!( )$ #c 0;!( )( )%& '({ }
)exp i "c
0( )
t2 + #c t2;!( )$ #c 0;!( )%& '({ },
 
(B.5) 
where the scaling factor N
i
 is the undesired scaling of the isotropic part of the 
chemical shift which may be introduced through the desired scaling N
a
 of the 
anisotropic part of the chemical shift. The difference !
c
t;"( )# !c 0;"( )  describes 
the phase accumulated by the magnetisation during the acquisition time due to the 
anisotropic part of the chemical shift, where the ! function is defined as 
 !c t;"( )  =  
#c
m( ) "( )exp im# rt( )
im# rm$0
% .  (B.6) 
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Considering a sequence which has a total duration T and possesses q!  pulses, 
the resulting phase of the magnetisation can be described as 
 
!c T ;"( )  =  #c
0( )$seq + %c T ;"( )
& &1( )
q
2 &1( )
p %c t
p( )
;"( ) + %c 0;"( )
p=1
q
'
(
)
*
+*
,
-
*
.*
,
 (B.7) 
where  
 
!seq  =  T " 2 "1( )
p"q
t
p( )
p=1
q
# .
 
(B.8) 
If the condition !seq  =  0  is met, it can be seen that !c
0( )  is removed from 
Equation B.7 and therefore the unwanted N
i
 scaling factor is removed from 
Equation B.5, therefore after this point N
a
 can now be simply referred to as N . 
The timings of the ! pulses can finally be calculated by the following CAPASS 
equations for m = ±1 and m = ±2 when the condition !seq  =  0  is met. When q = 5 
they can be given as  
 
0 =  N ! 2 !Nexp !im"{ }! 2 !1( )
p
exp im# rt
p( )( )
p=1
5
$
%
&
'
('
)
*
'
+'
.
 
(B.9) 
When !  is incremented from 0 to 2!, in steps of 16 or 32 and T =  4!
r
 to avoid 
pulse collisions, solutions of pulse timings where N, of 2 !  N !  3.4  were 
found. 
 
 
